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ABSTRACT 


For  a  number  of  bridge  deck  concrete  cores,  a  modified  linear 
traverse  method  of  microscopic  examination  was  used  in  conjunction  with 
computer  techniques  to  measure  and  calculate  various  air  void  parameters 
These  parameters  were  compared  with  respect  to  their  depth  below  deck 
surface.  The  field  records  of  the  concrete  in  the  bridge  deck  is  also 
presented.  This  data  is  compared  to  the  data  obtained  in  the  laboratory 
The  number  of  bubbles  and  their  size  distribution  is  calculated  by  the 
method  of  Lord  and  Willis  (1951). 

It  is  shown  that  the  results  from  a  20  inch  linear  traverse  is 
sufficient  to  determine  the  relative  frost  resistant  characteristics  of 
concrete . 


For  the  few  samples  tested  the  results  indicate  that  the  air 
content  at  the  deck  surface  may  or  may  not  be  less  than  at  depth. 
However,  the  bubbles  are  more  numerous  and  smaller  in  size  at  the 
surface  so  the  relative  frost  resistance  of  the  concrete  at  the  surface 
is  not  likely  impaired. 

One  of  the  samples  tested  had  a  very  high  air  content  at  the 
surface  which  could  affect  its  abrasion  resistance.  The  difference  in 
the  air  void  systems  of  the  samples  tested  lead  to  the  recommendation 
that  the  variables  in  placing  and  finishing  concrete  which  affect  the 
air  void  system  should  be  given  further  study. 
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CHAPTER  I 


INTRODUCTION 


1 . 1  General 

Surface  deterioration  of  concrete  on  bridge  decks  was  the 
problem  which  initiated  this  testing  program.  There  are  many  factors, 
such  as  entrained  air  volume  and  bubble  size  distribution,  exposure 
conditions,  weather,  de-icer  applications,  abrasion,  quality  of  con¬ 
stituents,  mix  design,  placing  and  handling  methods,  and  curing 
conditions  which  may  affect  the  degree  and  rate  of  concrete  bridge  deck 
deterioration.  To  attempt  to  isolate  all  the  variables  is  a  task  which 
must  be  left  to  future  researchers.  The  Canadian  climate  is  one  where 
freeze-thaw  action  is  of  major  concern.  It  has  been  shown  (Powers, 1954) * 
that,  if  the  air  bubbles  in  the  paste  fraction  of  concrete  are  within  the 
size  range  10  to  1000  microns  and  the  total  air  volume  is  4%  to  7%  of  the 
concrete  volume,  the  concrete  can  accommodate  the  dilation  of  the  water 
phase  when  it  is  frozen.  Therefore,  the  air  void  content  and  distri¬ 
bution,  which  has  been  proven  to  effectively  counteract  freeze-thaw 
deterioration,  was  selected  for  study. 

1.2  Statement  of  the  Problem 

Very  little  work  has  been  done  to  determine  whether  bridge  deck 
concrete  has  adequate  entrained  air  throughout  its  depth.  Some  mention 


*  References  listed  alphabetically  in  "List  of  References". 


1 


has  been  made  (Larson  and  Malloy,  1965)  that  the  air  content  at  the 
surface  is  low.  This  observation  was  based  on  very  short  traverse 


2 


lengths  made  on  a  few  bridge  deck  concrete  cores.  This  study  was  under¬ 
taken  to  determine  the  air  content  and  its  distribution  with  respect  to 
depth  in  concrete  from  some  Alberta  bridge  decks, 

1,3  Significance  of  Results 

In  order  to  handle  the  large  quantity  of  data,  it  was  necessary 
to  develop  an  automatic  recording  apparatus  which  would  record  data  in 
computer  compatible  format.  To  overcome  and  solve  difficulties  and 
problems  encountered  in  the  development  and  testing  of  this  equipment, 
substantially  more  time  was  required  than  at  first  anticipated  As  a 
result,  the  number  of  specimens  finally  tested  were  not  sufficient  for 
complete  analysis  of  the  problem 

From  the  samples  tested,  there  are  sufficient  results  to  show 
that  the  approach  to  the  problem  is  valid  and  that  significant  results 
may  be  obtained. 

The  linear  traverse  method  for  measuring  air  voids  in  concrete 
is  a  most  time  consuming  and  tedious  method.  Even  with  automatic  re¬ 
cording  equipment,  the  time  required  to  traverse  80  to  100  inches  of 
specimen  is  about  six  to  eight  hours.  The  results  obtained  from  this 
study  show  some  indication  that  shorter  traverse  lengths  than  those 
recommended  by  ASTM  Designation  C-457  produce  significant  values  of  air 
content,  specific  surface  area,  and  spacing  factor.  Time  savings  in 
the  order  of  60%  to  70%  could  be  effected  by  traversing  shorter 


distances . 
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CHAPTER  II 


AIR  VOID  SYSTEM 

2.1  Value  of  the  Air  Void  System 

The  use  of  air  entrainment  in  concrete  to  improve  workability, 
decrease  segregation,  and  improve  resistance  to  freeze-thaw  deterio¬ 
ration  began  in  the  late  1930 '  s.  The  air  void  system  in  fresh  concrete 
affects  the  workability  because  the  individual  air  voids  tend  to 
disperse  the  aggregate  particles .  These  air  bubbles  have  little  or  no 
shearing  resistance  so  the  dispersing  effect  reduces  the  shearing 
resistance  of  the  concrete  and  thus  increases  workability „ 

The  air  bubble  system  in  fresh  concrete  also  decreases  the 
tendency  for  fresh  concrete  to  segregate.  The  air  voids  in  the  concrete 
are  attached  to  the  solid  particles  of  the  mix.  Since  the  air  bubbles 
are  buoyant,  they  tend  to  decrease  the  rate  of  settlement  of  the  solid 
particles.  This  reduces  the  bleed  rate  and  has  a  desirable  side  effect 
in  that  the  reduced  bleed  rate  also  reduces  the  amount  of  plastic 
shrinkage  that  takes  place. 

In  hardened  concrete  a  most  important  property  of  the  air  void 
system  is  its  ability  to  markedly  improve  resistance  of  the  concrete 
paste  to  freeze-thaw  deterioration.  The  entrained  air  voids  in  the 
hardened  concrete  serve  as  pressure  relief  points  or  expansion  chambers 


3 


4 


during  freezing  periods  when  the  ice-water  system  in  the  concrete  is 
expanding.  Such  pressure  relief  reduces  the  stresses  induced  in  the 
paste  to  levels  below  the  rupture  point.  The  effectiveness  of  the 
mechanism  by  which  the  air  void  system  provides  protection  to  the 
freezing  paste  is  dependent  upon  the  air  void  distribution  within  the 
paste.  The  prime  requirement  is  that  the  air  void  system  form  a  thin 
walled  cellular  paste  structure.  In  frost  resistant  concrete  the  bubble 
size,  as  well  as  the  bubble  distribution,  is  important.  If  is  desirable 
to  have  many  bubbles  closely  spaced. 

The  physical  determination  of  the  air  void  size  and  the  air  void 
spacing  in  hardened  concrete  was  accomplished  by  means  of  a  modified 
linear  traverse  procedure  as  detailed  by  ASTM  Designation  C-457.  The 
parameters  for  calculation  of  the  air  void  size  and  air  void  spacing 
described  by  ASTM  Designation  C-457  were  derived  by  Powers  (1949)  and 
Willis  (1949). 

Willis  (1949)  outlined  the  statistical  derivation  of  the  re¬ 
lationships  between  the  chord  intercepts  and  the  true  radii  of  the  air- 
voids.  From  these  radii  can  be  calculated  the  specific  surface  area  of 
the  bubbles.  The  relationship  for  the  specific  surface  area  is: 


4  4n 


where:  a  -  specific  surface  area  of  the  air  voids,  i.e.,  the 
boundary  area  per  unit  volume  of  air. 

T  -  average  chord  length,  i.e„,  the  average  distance 
across  intersected  bubbles  along  line  of  traverse. 

n  -  number  of  voids  intersected  per  unit  length  of 
traverse „ 
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A  -  volume  of  air  present  as  a  fraction  of  the  concrete 

volume „ 

The  specific  surface  area  is  used  as  a  measure  of  the  relative 
size  of  the  air  voids .  Frost  resistant  concrete  should  have  a  specific 
surface  area  in  the  range  of  600  to  1100  sq  in  per  eu,  in,  (Mielenz, 
et  o  al o ,  1958)  . 

Powers  (1949)  described  two  methods  by  which  an  approximation  of 
the  bubble  spacing  could  be  made.  This  spacing  was  defined  a-  the 
spacing  factor.  The  first  method  was  to  calculate  the  ratio  of  the  un« 
aerated  paste  volume  to  the  specific  surface  area  of  the  air  bubbles. 

This  spacing  factor  does  not  consider  the  shape  or  si  e  of  the  air 
bubbles  and  is  actually  an  average  thickness  of  paste  envelope  around 
the  air  bubbles.  The  second  method  utilizes  a  hypothetical  air  void- 
paste  system  in  which  the  paste  is  composed  of  equally  sized  cubes  each 
of  which  contains  an  equally  sized  air  bubble  The  olume  of  the  paste 
and  the  volume  and  surface  area  of  the  bubbles  n  the  hypothetical  model 
are  chosen  so  they  are  equal  to  the  prototype  system  The  spacing 
factor  calculated  is  the  difference  between  the  radius  of  the  bubble  and 
one-half  the  length  of  the  paste  cube  diagonal  Frost  resistant  concrete 
should  have  a  spacing  factor  less  than  000-  inches  (Mielenz,  et  al. , 
1958) 


The  relationships  for  spacing  factor  are 
i)  First  Method  (Used  when  P/A  4.33) 


li)  Second  Method  (Used  when  P/A  4,33) 
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L  =  |  [1.4  (P/A  +  1 )*  1 2 / 3  -  1] 

Where : 

L  -  spacing  factor  in  inches = 

a  -  specific  surface  of  air  voids  in  sq.  in„/cu,  in. 

P  -  paste  content  as  a  fraction  of  the  concrete  volume. 

A  -  air  void  content  as  a  fraction  of  the  concrete 

volume „ 

2.2  Factors  Affecting  the  Physical  Structure  of  the  Air  Void  System 

2,2,1  General 

The  air  in  hardened  concrete  has  been  arbitrarily  classified  as 
entrapped  air  and  entrained  air.  Entrapped  air  is  that  air  which  is 
found  in  a  hardened  concrete  when  no  air  entraining  agent  is  used.  En¬ 
trained  air  is  that  air  in  excess  of  the  entrapped  air  which  is  present 

because  an  air  entraining  agent  has  been  used  (Powers,  1965).  The  two 
types  are  not  readily  distinguished  in  the  hardened  concrete.  Generally 
the  so  called  entrapped  air  bubbles  are  larger  than  the  entrained 
bubbles . 


Whether  an  air  entraining  agent  is  used  or  not,  there  are  only 
four  possible  sources  of  air  in  concrete  (Mielenz, et.  al.,  1958). 

1.  Air  in  the  concrete  can  be  derived  from  the  air  which  is  held 
in  the  intergranular  spaces  in  the  cement-aggregate  structure. 

2.  The  air  that  is  present  within  the  pore  spaces  in  both  the  cement 

and  aggregate  can  be  forced  out  by  inward  movement  of  water  under 
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hydraulic  and  capillary  forces. 

3.  There  is  a  certain  amount  of  air  available  which  is  dissolved  in 
the  mixing  water. 

4.  The  most  important  source  of  air  is  that  air  which  is  mechani¬ 
cally  infolded,  by  a  vortex  action,  during  the  mixing  process. 

2.2 o 2  Effects  of  Air  Entraining  Agent 

The  purpose  of  an  air  entraining  agent  is  to  stabilize  the  air 
bubbles  produced  during  the  mixing  process.  All  air  entraining  agents 
are  either  surface-active  materials  (surfactants)  or  insoluble  colloids. 
(Powers,  1965) 

Surfactants  are  long  chain  polar  molecules  which  are  hydrophobic 
(non-wet ting)  at  one  end  and  hydrophillic  (readily  wetted)  at  the  other. 
When  added  to  a  mix  these  materials  become  concentrated  and  form  films 
at  the  air-water  interface.  This  action  is  called  adsorption.  This 
action  of  adsorption  at  an  air-water  interface  in  a  concrete  mix  causes 
a  reduction  in  the  surface  tension  forces.  This  energy  reduction 
makes  it  easier  for  large  bubbles  to  be  subdivided  into  smaller  bubbles. 

The  adsorbed  material  forms  a  film  around  the  bubble  and  may 
give  the  bubble  an  electrostatic  charge  (Powers,  1965).  The  film  formed 
and  the  charge  on  the  bubble  will  provide  stabilization  to  prevent 
coalescence  of  the  bubbles  when  they  collide  during  mixing  and  placing. 

The  second  type  of  agent  reacts  with  Ca(0H)2  to  produce  an  in¬ 
soluble  colloid.  The  mechanics  of  bubble  production  by  these  materials 
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is  considerably  different  from  materials  that  are  surfactants  The 
precipitated  product  is  amorphous,  colloidal,  and  water  repellent.  Free 
water  is  unable  to  spread  over  the  insoluble  precipitated  surface  so  a 
definite  angle  of  contact  is  formed  between  the  water  and  the  solid 
colloid.  It  is  in  this  space  between  the  free  water  and  the  solid 
colloid  that  air  is  entrained. 

The  quantity  of  air  entraining  agent  used  in  a  mix  is  rather 
critical.  Excess  agent  can  produce  excessive  air  content  with  resultant 
low  structural  strengths;  insufficient  agent  will  not  provide  a  freeze- 
thaw  resistant  air  void  system  Tests  by  Backstrom, et .  al.  (1958) 
showed  that  an  increase  in  the  amount  of  agent  produced  a  variation  in 
the  void  size  distribution.  For  air  content  within  the  normal  range  an 
increase  in  quantity  of  agent  produced  a  void  system  with  a  proportion¬ 
ately  larger  number  of  smaller  sized  bubbles.  Some  of  the  reasons  for 
the  larger  number  of  smaller  bubbles  were  a  result  of  a  decrease  in 
surface  tension  which  permitted  the  larger  bubbles  to  be  subdivided  more 
readily;  a  thicker  more  concentrated  film  of  adsorbed  polar  molecules  at 
the  air-water  interface  reduced  the  rate  of  diffusion  of  air  from  the 
bubble  and  made  the  coalescence  of  bubbles  more  difficult. 

Bruere  (1955)  has  suggested  that  air  entrainment  in  cement  and 
silica  pastes  depends  on  two  major  properties  of  the  air  entraining 
agent.  Firstly,  there  should  be  sufficient  foam  stability  or  foam 
capacity  of  the  surface  active  agent  remaining  in  the  mixing  water  after 
precipitation  or  adsorption  has  taken  place  to  produce  bubbles  when  the 
mix  is  stirred.  Secondly,  the  surface  active  agent  should  be  adsorbed 
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onto  the  solid  particles  of  the  paste  making  them  hydrophobic  so  that 
air  bubbles  may  adhere  to  them. 

A  good  air  entraining  agent  should  have  the  following  properties 
1 o  Ability  to  develop  a  film  of  high  elasticity  at  the  air-water 
interface . 

2.  Ability  to  reduce  surface  tension-  of  the  water  phase. 

3.  Ability  to  inhibit  the  transmission  of  air  across  the  air-water 
interface  0 

4.  Ability  to  resist  thinning  or  deterioration  with  passage  of  time 
5„  Ability  to  cause  adhesion  of  the  air  bubbles  to  the  fine  materia 

in  the  mix. 

6.  No  adverse  side  effects  on  the  concrete . 

2.2.3  Effects  of  Aggregate ,  Water,  and  Cement  Combined 

Concrete  is  a  mixture  of  aggregate,  cement  and  water  with  air 
either  entrapped  or  entrained  within  the  structure.  Since  most  of  the 
void  space  in  the  aggregate  structure  is  occupied  by  cement  paste,  it 
might  be  expected  that  the  bubble  characteristics  in  concrete  would  be 
similar  to  the  bubble  characteristics  in  neat  cement  paste.  However, 
the  void  space  as  determined  by  the  aggregate  gradation  affects  the  air 
void  characteristics.  (Kennedy,  1944;  Taggart,  1945;  Singh,  1959)  The 
air  void  characteristics  are  determined  both  by  the  structure  of  the 
aggregate  and  the  ability  of  the  paste  to  entrain  air.  The  air  void 
characteristics  are  determined  by  the  circumstance  that  air  bubbles, 
cement,  and  water  must  share  the  void  space  provided  by  the  aggregate. 
The  volume  of  this  void  space  is  equal  to  the  void  content  of  the 
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aggregate  in  the  compacted  state  plus  space  added  by  the  dispersion  of 
particles.  Because  paste  occupies  most  of  the  void  space  in  the  aggre¬ 
gate  structure  most  of  the  air  voids  are  produced  in  the  paste  fraction 
by  emulsification  similar  to  emulsification  of  air  in  neat  paste  alone,, 

2,2.4  Effects  of  Water-Cement  Ratio 

The  factors  which  affect  the  air  void  characteristics  in  neat 
cement  paste  are  the  water-cement  ratio,  duration  of  stirring,  the  shear 
strains  set  up  by  stirring  and  the  amount  and  type  of  agent  used, 

Backstrom,  et .  al .  (1958)  and  Bruere  (1960)  conducted  tests  on 
neat  cement  paste  which  showed  that  by  increasing  the  water-cement  ratio 
the  volume  of  entrained  air  increased. 

For  plastic  mixes  with  very  low  water-cement  ratios  (approxi¬ 
mately  0,3  by  weight)  the  water  films  on  the  cement  particles  are  so 
thin  that  the  mixing  process  will  not  produce  the  foaming  action 
necessary  for  bubble  formation  nor  will  sufficient  air  be  infolded  into 
the  mix  because  of  its  stiffness.  Because  of  this,  the  air  content  will 
be  lower  and  the  voids  larger  than  would  be  produced  by  intermediate 
water-cement  ratios.  For  the  intermediate  water-cement  ratios  normally 
used  (0.4  to  0.6)  an  abundant  number  of  bubbles  will  be  produced  with 
high  specific  surface  area.  If  the  water-cement  ratio  is  excessive  a 
large  volume  of  air  may  be  produced,  however  the  interchange  of  air  from 
smaller  to  larger  bubbles  occurs  more  readily  and  many  air  bubbles  float 
to  the  surface  and  are  lost  (Mielenz,  et.  al . ,  1958).  At  an  excessive 
water-cement  ratio  (over  0.6)  the  specific  surface  area  is  lower  than  at 


either  intermediate  or  low  water-cement  ratios. 
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This  reduction  of  entrained  air  volume  in  neat  cement  paste  at 
low  water-cement  ratios  is  also  due  to  the  competition  for  available 
water  (Powers,  1954).  During  the  mixing  process  the  water  tends  to 
distribute  itself  evenly  among  the  cement  particles  or  the  cement 
particles  tend  to  occupy  all  the  water  filled  space.  To  form  a  bubble 
some  water  must  separate  from  the  cement  and  remain  in  a  boundary  film. 
Therefore,  the  greater  the  number  of  cement  particles  (other  fines  of 
comparable  size  have  the  same  effect)  the  smaller  the  amount  of  water 
that  can  be  held  in  the  bubble  boundaries  which  results  in  a  lower  air- 
volume  „ 

2.2.5  Effects  of  Aggregate 

Neat  pastes  without  an  air  entraining  agent  have  close  to  zero 
air  content.  For  concretes,  however,  in  the  normal  range  of  slump  and 
any  water-cement  ratio  the  air  content  of  the  paste  fraction  is  approxi¬ 
mately  5%  by  volume  (Powers,  1965).  It  is  therefore  evident  that  the 
aggregate  structure  plays  a  role  in  the  entrainment  of  air  in  a  concrete 
mix. 


Kennedy  (1944),  Taggart  (1945),  and  Singh  (1959)  have  shown  that 
the  aggregate  size  fraction  passing  the  #30  sieve  and  retained  on  the 
#50  to  #100  sieves  have  the  greatest  effect  on  air  entrainment  in 
concrete.  They  showed  that  the  air  content  increased  with  an  increase 
in  the  amount  of  this  size  range  of  sand.  Conversely,  the  air  content 
decreased  when  the  proportion  of  this  size  range  was  reduced  by  addition 


of  either  coarser  or  finer  materials. 


. 
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Mielenz,  et„  ah  (1958)  postulated  that  the  reason  for  an  increase 
in  the  air  content  with  an  increase  of  the  #30  to  #100  sand  size  was  due 
to  the  size  of  void  spaces  in  such  material „  The  diameter  of  void 
spaces  in  sand  of  this  size  would  be  in  the  33  to  130  micron  range.  The 
majority  of  air  voids  in  normal  air  entrained  concrete  are  less  than  100 
microns  in  diameter  therefore  the  #30  to  #100  sand  size  is  able  to 
effectively  contain  these  voids, 

Singh  (1959)  postulated  that  "Fine  particles  (such  as  the  52-100 
size  group)  have  smaller  interfacial  capillaries  (producing  greater 
surface  tension)  and  these  are  more  readily  filled  with  water,  cohere 
more  readily  and  so  resist  shearing  stresses  and  are  rendered  less 
mobile.  As  the  interfacial  capillaries  are  small  and  are  filled  more 
readily  soon  after  addition  of  water  to  the  mix,  less  air  will  be 
surrounding  them.  On  the  other  extreme,  the  coarse  particles  become 
surrounded  by  the  finer  particles  and  sand-cement  matrix  and  as  a  result 
are  rendered  almost  inert  in  relation  to  air  entrainment.  However,  the 
particles  of  the  intermediate  size,  due  to  larger  capillaries  (lower 
surface  tension),  will  cohere  less,  contain  more  air  and  water  in  a 
relative  (sic)  free  condition.  Thus  the  particles  of  the  intermediate 
size  groups  satisfy  to  a  greater  extent,  the  physical  conditions 
necessary  for  air  entrainment," 

Tests  conducted  by  Scripture,  et ,  al ,  (1948)  showed  that  the 
influence  of  sand  grading  on  air  entrainment  was  suppressed  in  proportion 
to  the  amount  of  cement  added  to  the  mix.  Therefore  the  effect  of  sand 
grading  is  appreciable  only  in  lean  mixes  and  may  be  ignored  in  rich 
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mixes  because  of  the  large  amount  of  cement  fines ,  It  should  be  noted, 
however,  that  the  greater  the  amount  of  sand  in  the  mix  the  greater  the 
volume  of  air  that  can  be  entrained , 

The  surface  roughness  of  the  aggregate  has  some  effect  on  the 
air  void  characteristics „  Aggregates  with  rough  surfaces  produce  an 
air  void  system  that  has  a  larger  specific  surface  area  and  smaller 
spacing  factor  than  do  aggregates  with  smooth  surfaces,  (Mielenz,  et , 
al.  1958) 

Powers  (1965)  stated  that  the  bubbles  in  concrete  cannot  be 
larger  than  the  spaces  defined  by  the  aggregate  structure.  The  charac¬ 
teristics  of  the  void  space  in  the  aggregate  structure  are  dependent 
upon  particle  size,  particle  shape,  gradation,  size  and  shape  of  the 
container,  the  amount  of  compact ive  effort,  and  the  amount  of  dispersion 
by  the  entrained  air  bubbles.  The  extreme  limits  of  air  content  are 
determined  by  the  aggregate  structure.  For  the  lower  limit,  when  no 
agent  is  used,  the  aggregate  "mesh  size"  determines  the  air  content. 
Bubbles  that  might  escape  from  a  concrete  mix  with  no  air  entraining 
agent  are  trapped  by  the  aggregate  screen.  For  the  upper  limits,  when 
an  air  entraining  agent  is  used,  the  aggregate  voids  again  determine  the 
maximum  size  of  air  bubble  that  may  be  accommodated  In  some  cases  the 
capacity  of  the  air  entraining  agent  to  produce  large  bubbles  in  the 
neat  paste  may  govern  the  maximum  size, 

2,2,6  Effects  of  Mixing 

The  formation,  dispersion  and  stabilization  of  air  voids  in 
concrete  is  accomplished  primarily  by  the  formation  of  a  paste  emulsion. 
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The  mixing  process  must  exert  sufficient  shearing  strain  on  the  paste  to 
fluidize  it,  otherwise,  there  would  be  no  accumulation  of  air  in  the 
mix.  Air  enters  by  vortex  action  as  a  layer  between  infolding  surfaces. 
Owing  to  mechanical  instability,  arising  from  r«  irface  tension 

and  the  fluidity  of  the  water,  the  air  layer  becomes  quickly  broken  up 
and  dispersed  to  separate  bubbles.  (Powers,  1965) 

The  water  necessary  for  bubble  formation  is  held  by  the  weak 
structure  of  the  paste,  while  the  concrete  mixture  is  at  rest  The  mix= 
ing  process  produces  the  necessary  shear  strains  that  break  dcwn  the  weak 
structure  of  plastic  concrete  to  free  water  for  bubble  formation 

Tests  by  Bruere  (1960)  on  neat  cement  pastes  showed  that  as 
stirrer  speed  and  stirrer  time  increased  the  ai:  /Glume  increased  to  a 
maximum  then  began  to  decrease.  The  specific  surface  area  of  the  air- 
bubbles  showed  a  continuous  increase.  The  reason  a  maximum  air  volume 
was  reached  was  attributed  to  the  fact  that  as  the  mix  berimes  stiffer, 
water  becomes  fixed  in  the  matrix  and  so  is  not  available  for  bubble 
formation.  (Powers,  1965)  The  specific  surface  area  of  the  bubbles 
increased  because  the  mixing  allowed  bubbles  to  escape,  with  the  largest 
escaping  first,  and  then  the  bubbles  subdivided  as  mixing  progressed, 

‘The  effectiveness  of  a  field  mixer,  say  of  5  to  10  cubic  yard 
capacity,  as  compared  to  a  laboratory  mixer,  where  the  mixer  blade 
occupies  a  greater  proportion  of  the  volume  of  the  mixer,  was  discussed 
by  Powers  (1960) „  The  fact  that  a  field  concrete  mixer  carries  a  load 
of  aggregate  particles  increases  its  ability  to  produce  the  necessary 
fluidizing  effect.  The  aggregate  particles  tumbling  off  the  mixer  blades 
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probably  produce  the  majority  of  the  fluidizing  action.  In  fact ,  a  field 
mixer  can  be  considered  a  very  efficient  mechanism  for  production  of  air 
bubbles » 

When  the  general  circulation  of  the  batch  stops  the  upper  limit 
of  air  content  has  been  reached „  When  the  batch  is  at  rest  the  concrete 
has  the  properties  of  a  weak  solid  (Powers,  1965),  so  that  no  additional 
air  can  be  infolded  nor  is  any  free  water  available „  Since  the  for¬ 
mation  of  bubbles  can  occur  only  in  a  fluidized  mix  in  the  presence  of 
free  water,  it  is  important  to  have  a  machine  powerful  enough  to  develop 
high  shear  stresses  in  the  paste  in  order  to  produce  optimum  air  content, 

2,2,7  Effect  of  Placing  and  Finishing 

The  effect  of  the  placing  and  finishing  operation  on  the  air 
void  system  is  probably  important,  however,  little  has  been  done  to  in= 
vestigate  this  aspect.  When  paste  is  at  rest  the  interparticle  forces 
give  it  the  properties  of  a  weak  solid  (Powers,  1965),  For  a  bubble  to 
rise  through  paste  at  rest  the  buoyant  force  on  the  bubble  would  have  to 
exceed  the  shear  strength  of  the  paste.  The  fact  that  air  bubbles  are 
found  in  the  top  layer  of  paste  indicates  that  the  shearing  strength  of 
the  paste  is  not  exceeded  and  that  while  paste  is  at  rest  all  the 
bubbles  do  not  escape, 

Higginson  (1952)  conducted  tests  on  laboratory  specimens  of  1/2 
cubic  foot  size  and  6"  x  12"  standard  cylinder  size.  He  showed  that  any 
factor  such  as  higher  slump,  smaller  containers,  and  prolonged  vibration, 
which  increased  the  fluidity  of  the  mix,  had  the  effect  of  reducing  the 
air  content.  He  also  suggested  that  the  loss  of  air  due  to  placing 


I 


16 


procedures  was  a  function  of  the  energy  input  pei  unit  volume  of 
concrete„  Field  tests  on  large  masses  of  concrete  compared  to  t.he  labo¬ 
ratory  tests  confirmed  this„  Higginson  found  that  the  lo-s  of  air  due 
to  the  placing  operation  was  nominal  These  losses  were  of  the  order  of 
0  o  5%  to  0 „ 75%  b 

Mielenz,  et„  aL,  (1958)  suggested  that  during  the  placing  of 
concrete  the  smaller  bubbles  are  captured  or  coalesce  to  form  larger 
bubbles  The  total  air  content  is  increased  because  the  pressure  in 
smaller  bubbles  is  greater  than  in  the  larger  bubbles  so  a  larger  volume 
of  air  is  produced  when  two  bubbles  merge  Mielenz  concluded  that  all 
factors  which  increase  the  time  of  placing  and  setting  will  tend  to 
increase  the  spacing  of  bubbles  and  decrease  their  specific  surface  area 
and  that  in  general  there  would  be  an  increase  in  air  * olume  after 
placing  . 


Bruere  (1962),  on  the  basis  of  tests  on  cement  paste,  agreed 
that  there  could  be  a  transfer  of  air  from  the  smaller  high  pressure 
bubbles  to  the  larger  low  pressure  bubbles  if  they  came  into  contact 
with  one  another,,  However,  he  concluded  that  there  was  no  re-arrangement 
of  bubble  sizes  during  setting  because  the  bubbles  were  too  far  apart  and 
the  air  too  insoluble  to  allow  significant  transference  of  air  between 
different  sized  bubbles  in  periods  of  up  to  four  hours 

Powers  (1965)  suggested  that  the  reason  Mielenz  found  an  increase 
in  air  content  where  Bruere  found  no  change  was  that  Bruere' s  mixing 
method  produced  higher  shearing  strains  Therefore  Mielenz  would  have 
larger  bubbles  which  would  be  more  likely  to  have  a  larger  rate  of 
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transfer o  Powers,  however,  does  suggest  that  the  cohesive  strength  of 
fresh  concrete  after  mixing  and  placing  is  sufficient  to  resist  the 
enlargement  of  bubbles. 

Powers  (1965)  suggested  that  the  effect  of  vibration  is  to  tempo¬ 
rarily  break-down  the  floe  structure  of  cement  paste  and  thus  fluidize 
it.  In  the  fluidized  state  the  buoyant  force  on  bubbles  can  cause  them 
to  escape;  new  air  can  become  emulsified;  or  air  already  present  may 
become  divided  into  smaller  bubbles.  Since  these  are  compensating 
factors,  so  far  as  loss  is  concerned,  it  can  be  expected  that  very 
little  loss  of  air  from  large  pours  will  occur.  Any  losses  that  do 
occur  during  handling  would  be  of  the  larger  bubbles  This  would  be 
desirable  since  the  spacing  of  bubbles  would  not  be  greatly  affected 
compared  to  the  volume  of  air  lost,  and  the  lower  air  content  vvould 
result  in  a  smaller  strength  loss  due  to  air  entrainment „ 


CHAPTER  III 


SOURCE  OF  CONCRETE  INVESTIGATED 


5.1  General 

It  was  originally  intended  that  a  full  investigation  of  the 
causes  of  deterioration  in  bridge  deck  concrete  would  be  undertaken. 

For  reasons  previously  mentioned,  this  was  not  possible.  As  a  result, 
the  field  Investigation  that  was  carried  out  provided  a  source  of 
concrete  samples  for  testing.  This  chapter  outlines  the  field  investi¬ 
gation  that  was  carried  out  and  presents  the  field  data  for  the  samples 
which  were  tested, 

3.2  Selection  of  Concrete  Bridge  Decks 

Seven  structures  were  selected  for  investigation  which  had  cast- 
in-place  concrete  decks  There  were  four  structures  chosen  which  showed 
various  degrees  of  deterioration.  These  four  structures  had  been  in 
service  for  five  to  fifteen  years.  The  other  three  structures  had  been 
constructed  within  the  past  three  years  and  these  decks  showed  no  signs 
of  deterioration. 

For  the  three  recently  completed  structures  the  mix  design  and 
field  testing  records  for  the  concrete  were  available.  These  records 
are  summarized  in  TABLES  3,1,  3,2,  and  3,3, 
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INFORMATION  FROM  AS- BUILT  RECORDS  OF 
HIGHWOOD  RIVER  BRIDGE  -  AT  HIGH  RIVER 
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Forty  two  concrete  cores  were  taken  from  the  seven  bridge  decks,, 
For  the  three  most  recently  placed  decks,  the  as-built  records  showed 
the  exact  location  on  the  deck  where  the  concrete  had  been  field  tested 
for  slump  and  air  content.  Therefore,  cores  were  taken  from  these 
locations  so  that  a  correlation  of  field  tests  with  the  laboratory  tests 
could  be  made. 

The  as -built  records  were  incomplete  for  the  four  older 
structures .  The  core  locations  were  chosen  to  sample  some  of  the  worst 
and  some  of  the  best  concrete „  Some  cores  were  taken  from  the  wheel 
track  area  and  the  area  adjacent  to  the  curbs  which  are  known  to  be 
locations  where  deterioration  is  usually  most  severe. 

There  were  twenty  one  cores  taken  from  the  Battle  River  Bridge 
at  Ervick,  This  deck  was  severely  deteriorated  and  the  cores  were 
taken  to  represent  the  severity  and  type  of  deterioration  (See  FIGURE 
3  o  3)  o 

3, 3  Core  Identification 

The  cores,  generally,  were  taken  in  companion  groups  of  four, 
except  for  the  deck  of  the  Battle  River  Bridge  at  Ervick,  where  the 
cores  were  taken  as  explained  above. 

The  cores  were  identified  by  a  letter-digit- letter  code.  The 
first  letter  identified  the  particular  bridge  deck;  the  digit  identified 
the  particular  coring  location  on  the  deck;  and  the  last  letter  identi¬ 
fied  the  particular  core  from  the  coring  location. 
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TABLE  3.4  shows  the  bridge  description  and  the  letter  code  which 
identifies  the  bridge.  FIGURES  3.1,  3.2,  3.3,  3.4,  3.5,  3.6  and  3.7, 
show  the  general  layout  of  the  bridge  structures,  the  core  locations, 
and  the  core  patterns  for  each  structure. 

3.4  Deck  Coring 

Cores  were  taken  from  the  selected  bridge  decks  according  to  the 
sampling  procedure  outlined  by  A.S.T.M.  Designation  C-42.  A  Truco  rotary 
drill  coring  machine  mounted  on  the  back  of  a  half-ton  truck  was  used  to 
core  the  decks . 

In  order  to  meet  A.S.T.M.  requirements  of  area  for  linear 
traverse  determination  of  air  content,  it  was  considered  generally 
necessary  to  cut  six  inch  diameter  cores.  On  one  bridge,  where  the 
aggregate  size  was  known  to  be  under  one  inch,  four  inch  diameter  cores 
were  considered  adequate. 
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Bridge  File 

74031 


589 


875 


74458 


9910 


75644 


75754 


TABLE  3,4 

LETTER  CODE  IDENTIFICATION  OF  BRIDGES 


No, 


Bridge  Description 


Bridge  Letter  Code 


Sheep  River  A 

near  Aldersyde 

Highwood  River  B 

at  High  River 

Battle  River  C 

at  Ervxck 

Highwood  River  D 

near  Aldersyde 

Dapp  Creek  E 

near  Dapp 


Morningside  F 

Interchange 

Grade  Separation  G 

South-West  of  Ponoka 
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FIGURE  3.1  GENERAL  LAYOUT  OF  CORE  LOCATIONS  FOR  SHEEP  RIVER  BRIDGE  NEAR  ALDERSYDE 
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FIGURE  3.2  GENERAL  LAYOUT  OF  CORE  LOCATIONS  FOR  HIGHWOOD  RIVER  BRIDGE  AT  HIGH  RIVER 
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FIGURE  3.3  GENERAL  LAYOUT  OF  CORE  LOCATIONS  FOR  BATTLE  RIVER  BRIDGE  AT  ERVICK 
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FIGURE  3.4  GENERAL  LAYOUT  OF  CORE  LOCATIONS  FOR  HIGHWOOD  RIVER  BRIDGE  NEAR  ALDERSYDE 
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FIGURE  3.5  GENERAL  LAYOUT  OF  CORE  LOCATIONS  FOR  DAPP  CREEK  BRIDGE  NEAR  DAPP 
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FIGURE  3.6  GENERAL  LAYOUT  OF  CORE  LOCATIONS  FOR  MORNINGSIDE  INTERCHANGE 
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FIGURE  3.7  GENERAL  LAYOUT  OF  CORE  LOCATIONS  FOR  GRADE  SEPARATION  SOUTH-WEST  OF  PONOKA 
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FIGURE  3.8  CORING  BATTLE  RIVER  BRIDGE  DECK  AT  ERVICK 


CHAPTER  IV 


LABORATORY  TESTING  PROGRAM 


4.1  Introduction 

In  order  to  carry  out  this  testing  program  it  was  necessary  to 
establish  appropriate  procedures  for  preparing  the  concrete  specimens 
for  microscopic  examination  by  linear  traverse  techniques  and  to  develop 
equipment  which  was  capable  of  assembling  large  quantities  of  data  in 
a  computer  compatible  formate  The  sample  preparation  equipment  and 
procedures  developed  were  designed  to  remove  thin  parallel  layers  of 
concrete  to  specific  depths  from  the  cylindrical  samples.  The  automatic 
recording  equipment  that  was  developed  for  use  in  conjunction  with  the 
linear  traverse  device  reduced,  to  some  extent,  the  time  required  for 
traversing  a  surface.  However,  the  most  significant  feature  was  that  a 
large  amount  of  data  could  be  collected  on  magnetic  tape  or  punched 
caids  which  allowed  rapid  calculation  using  computer  techniques, 

4 . 2  Laboratory  Equipment 

Briefly,  the  laboratory  apparatus  consisted  of  equipment  for 
preparing  the  polished  concrete  surfaces;  a  linear  traverse  device  for 
microscopic  examination;  a  photo  electric  disc  counter,  utilized  to 
measure  distances  traversed;  and  an  automatic  data  acquisition  system. 
The  photo  electric  disc  counter  and  the  automatic  data  acquisition 
system  were  new  pieces  of  equipment  which  required  considerable  testing 
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before  they  functioned  properly .  Two  data  acquisition  systems  were 
used.  One  recorded  data  onto  magnetic  tape  and  the  other  recorded  data 
onto  punched  cards.  Due  to  time  limitations,  the  punched  card  system 
was  not  used  to  any  great  extent. 

4.2.1  Cutting  and  Polishing  Equipment 

1.  Concrete  Saw. 

20  Lapping  Wheel  (FIGURE  4.2).  The  cast  iron  lapping  wheel  was 
driven  by  a  1/4  horse  power  electric  motor.  Three  specimens 
were  placed  inside  steel  rings  and  set  on  the  lapping  wheel. 
Three  vertical  shafts  with  a  small  wheel  at  the  bottom  end  kept 
the  steel  rings  at  one  location  and  permitted  them  to  rotate  as 
the  lapping  wheel  turned.  This  helped  to  maintain  a  uniform 
depth  of  cut  across  the  specimen.  Two  containers,  suspended 
above  the  lapping  wheel,  with  polishing  grit  in  one  and  a  water 
vehicle  in  the  other,  were  fitted  with  valves  which  could  be 
adjusted  to  feed  the  correct  amount  of  grit  and  water  onto  the 
lapping  wheel.  The  specimens  could  thus  be  polished  with  a 
minimum  of  attendance  by  an  operator. 

4.2.2  Linear  Traverse  Device 

The  linear  traverse  device  is  shown  in  FIGURE  4.1.  The  traverse 
table  was  used  to  hold  the  polished  concrete  specimen  while  it  was 
moved  past  the  microscope  by  a  threaded  drive  screw.  The  threaded  drive 
screw  could  be  driven  either  by  hand  or,  by  a  motor. 


PHOTO  ELECTRIC 
CELL  DISC  COUNTER 


TRAVERSE 

TABLE 


CONTROL 

PANEL 


FIGURE  4.1  AUTOMATIC  RECORDING 
LINEAR  TRAVERSE  DEVICE 


FIGURE  4.2  LAPPING  WHEEL  FIGURE  4.3  CONTROL  PANEL 

AND  PHOTO  ELECTRIC  CELL 
DISC  CENTRE 
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4.2.3  Photo  Electric  Cell  Disc  Counter 

The  photo  electric  cell  disc  counter  (FIGURES  4 . 1  and  4,3)  was 
made  up  of  an  8-1/2  inch  aluminum  disc  and  a  photo  electric  cell  and 
pulse  pick-up.  The  disc  was  attached  concentrically  with  the  threaded 
rod  of  the  linear  traverse  device .  On  an  eight  inch  circle  of  the 
disc  were  250,  evenly  spaced,  one  sixteenth  inch  diameter  holes.  The 
photo  electric  cell  was  placed  so  that  it  would  shine  through  the  holes 
to  make  contact  with  the  pulse  pick-up.  As  the  threaded  rod  rotated, 
turning  the  disc,  the  photo  electric  cell  and  pulse  pick-up  "counted" 
each  hole.  With  the  rod  threaded  at  40  threads  per  inch  and  the  disc 
divided  into  250  evenly  spaced  holes,  the  passage  of  one  hole  past  the 
photo  electric  cell  represented  a  traverse  distance  for  the  specimen  of 
one-ten  thousandth  of  an  inch, 

4.2.4  Automatic  Data  Acquisition  System  -  Magnetic  Tape  System 

The  DY  -  2010  J  Data  Acquisition  System  (FIGURE  4,1)  that  was 
used  automatically  measured  and  recorded  input  signals.  These  signals 
(or  measurements)  were  then  recorded  onto  magnetic  tape.  The  basic 
components  of  the  equipment  were  a  guarded  cross  bar  scanner,  an 
integrating  digital  voltmeter ,  and  a  magnetic  tape  recorder  set. 

The  crossbar  scanner  was  an  electronically  controlled  crossbar 
switch  that  was  capable  of  sequentually  scanning  a  maximum  of  600 
signal  sources.  For  this  experiment  only  one  signal  source  was  scanned. 

The  integrating  digital  voltmeter  was  the  measuring  instrument 
of  the  system.  It  consisted  of  a  precise  input  alternator,  a  highly 
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accurate,  highly  linear  voltage-to-frequency  convertor,  and  a  frequency 
counter.  The  frequency  counter  counted  the  pulses  generated  by  the 
photo  electric  cell  disc  counter„  These  frequency  counts  were  displayed 
on  a  direct  reading  6  digit  display  panel. 

The  DY  -  2546  Magnetic  Tape  Recorder  Set  recorded  digital  infor¬ 
mation  from  the  integrating  digital  voltmeter  and  the  scanner.  The  set 
consisted  of  two  rack-mounted  units: 

1.  DY  -  2546  A  Magnetic  Tape  Coupler. 

2.  Cook  Model  150  Incremental  Tape  Recorder. 

The  coupler  could  accept  up  to  12  characters  of  information  for 
transfer  to  the  tape  recorder.  For  computer  compatability ,  a  coupler 
format  of  6  or  12  characters  was  required.  For  this  investigation  a  12 
character  word  was  used.  The  format  could  be  conveniently  set  up  to 
exact  requirements  by  inserting  diode  pins  in  a  plug-m  board  accessible 
from  the  front  of  the  instrument. 

The  control  panel  in  FIGURE  4.1  and  4.3  was  the  device  which 
gave  the  command  for  transfer  of  the  frequency  counts  through  the  coupler 
to  the  magnetic  tape.  In  addition,  this  apparatus  was  wired  to  generate 
digital  codes  to  identify  the  particular  frequency  counts  (or  traverse 
lengths)  which  were  recorded  onto  the  tape.  Two  digits  identified  the 
depth  of  surface  being  read  i.e,  01  identified  the  top  surface,  02  the 
second  surface,  etc.  One  digit  was  generated  which  identified  the  parti¬ 
cular  material  that  had  been  traversed.  The  zero  digit  identified  air 
void  chords;  the  one  digit  identified  paste  chords;  and  the  two  digit 
identified  aggregate  chords.  When  a  traverse  was  started  on  a  particular 
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surface  two  dials  were  set  to  the  digits  that  identified  the  surface 
being  traversed.  To  identify  the  particular  material  (air,  paste,  or 
aggregate)  that  had  been  traversed  there  were  three  buttons  on  the  con¬ 
trol  panel  which  generated  the  zero,  one,  or  two  digit  to  identify  the 
air,  paste  or  aggregate,  respectively. 

When  a  particular  distance  had  been  traversed  the  appropriate 
material  identification  button  on  the  control  panel  was  depressed  When 
this  particular  button  was  depressed  the  command  was  given  to  record 
onto  tape  three  pieces  of  information, 

1,  Two  digits  identifying  the  surface, 

2,  One  digit  identifying  the  material, 

3  Six  digits  which  were  the  actual  frequency  count  and  represented 

the  number  of  holes  counted  by  the  photo  electric  cell  disc 
counter. 

Since  the  coupler  had  to  contain  twelve  characters,  the  format 
set  up  on  the  plug-m  board  was  as  follows:  One  blank,  two  digits  for 
surface  identification,  one  blank,  one  digit  for  material  identification, 
one  blank,  and  six  digits  for  frequency  count.  As  soon  as  this  infor¬ 
mation  had  been  transferred  to  the  magnetic  tape  the  digital  recording 
counter  was  cleared  automatically  and  a  new  count  could  be  started 
Thus,  individual  chord  lengths  were  identified  and  recorded  onto  the 
magnetic  tape, 

4,3  Laboratory  Procedures 

The  laboratory  work  consisted  of  three  basic  operations, 

1,  The  specimens  were  visually  examined  and  notes  made  on  the 
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condition  of  the  specimen „ 

2.  Next  the  specimens  were  polished  to  produce  the  surface  for  the 

operation  of  microscopic  examination , 

3,  The  "reading"  of  the  specimens  by  the  linear  traverse  procedure „ 

4.3.1  Visual  Examination  of 

The  samples  were  examined  visually  to  determine  whether  there 
was  any  deterioration  and  to  determine  the  location  of  the  reinforcing 
steelo  TABLES  4.1  and  4„2  show  the  results  of  this  examination  for 
cores  Bla,  B2c,Fla,  and  G  1  b. 

4.3.2  Procedure  for  Concrete  Surface  Preparation 

The  surfaces  were  prepared  by  cutting,  grinding  and  polishing. 
The  grinding  and  polishing  was  done  on  the  lapping  wheel  using  silicon 
carbide  grits  and  aluminum  oxide  polishing  compound, 

i)  Depth  Datum 

In  general,  the  surface  of  a  concrete  deck  is  relatively  rough 
due  to  field  finishing  procedures.  It  was,  therefore,  necessary  to 
establish  some  datum,  which  would  be  the  zero  depth,  from  which  the 
depth  of  successive  surfaces  could  be  measured  To  obtain  this  initial 
surface  #220  grit  was  used  to  polish  the  original  rough  surface  for  one 
minute.  The  one  minute  of  polishing  knocked  off  individual  high  spots 
such  as  sand  grains  or  pieces  of  mortar.  This  surface,  so  prepared,  was 
the  datum  from  which  all  other  surfaces  were  referenced. 

This  initial  or  datum  surface  still  had  many  gouges  left  from 
the  screeding  and  brooming  done  during  the  field  finishing  operation. 


VISUAL  EXAMINATION  OF  SAMPLES  Bla  AND  B2c 
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In  fact,  there  were  only  smooth  surfaces  here  and  there  that  could  be 
read.  As  a  result,  there  was  usually  insufficient  area  polished  on  the 
initial  surface  to  obtain  more  than  a  twenty  or  thirty  inch  traverse „ 
Even  at  a  depth  of  0.03"  to  0.06"  there  were  some  field  finish  marks 
still  in  evidence,  which  had  to  be  skipped  over  when  traversing.  How¬ 
ever,  at  these  depths  there  was  sufficient  area  to  obtain  the  required 
traverse  length. 

In  order  to  measure  the  depth  of  the  polished  face,  the  sample 
was  placed  on  a  smooth  steel  plate.  The  depth  of  the  sample  was  then 
measured  at  the  quarter  points  around  the  circumference  of  the  sample. 

As  the  surface  of  the  sample  was  cut  away,  successive  quarter  point 
depths  were  measured  and  recorded.  Thus  the  thickness  of  material 
removed  was  determined  by  averaging  the  quarter  point  depth  differences. 
The  depths,  so  measured,  were  accurate  to  within  0.01". 

ii)  Surfaces  at  Depths  of  0  01",  0.03",  0.06",  010" 

To  prepare  these  surfaces  for  reading,  the  #220  grit  was  used 
on  the  lapping  wheel  to  grind  down  to  the  desired  surface.  Depending 
on  the  quality  of  the  paste  and  the  amount  of  aggregate,  from  45 
minutes  to  90  minutes  was  required  to  grind  off  one-one  hundredth  of  an 
inch  of  concrete.  When  the  desired  level  had  been  reached  the  lapping 
wheel  was  thoroughly  cleaned  to  remove  all  #220  grit.  This  surface  was 
then  polished  with  #1700  polishing  compound  until  the  surface  was  in 
satisfactory  condition  to  be  read.  The  length  of  time  for  this  final 
polishing  operation  varied  from  four  hours  to  ten  hours  with  the  average 
surface  being  in  satisfactory  condition  after  about  six  hours. 
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The  surfaces  at  depths  of  0,01  and  0  03  inches  usually  had  some 
screed  and  broom  marks  left  from  the  field  finishing  operation „  These 
marks  had  to  be  skipped  when  traversing  the  specimen  and  were,  not 
included  in  the  traverse  length 

iii)  Surfaces  at  Depths  of  0  25"  and  0,5" 

Since  grinding  down  with  #220  grit  required  a  great  length  of 
time,  these  two  deeper  levels  were  obtained  by  cutting  off  the  desired 
depth  of  concrete  with  the  concrete  saw.  The  rough  saw  marks  were 
removed  by  polishing  the  specimen  with  #220  grit  for  one  to  two  hours. 
After  removal  of  the  saw  marks,  #1700  polishing  compound  was  used  to 
produce  the  finished  surface 

4,3,3  Linear  Traverse  Procedure 

The  procedures  of  ASTM  C-457  were  followed  m  reading  the 
specimens.  The  specimens  were  traversed  so  that  the  maximum  distance  of 
travel  could  be  obtained  across  the  circular  surface  of  the  specimen. 

The  four  inch  diameter  specimens  were  traversed  along  parallel  lines 
spaced  0.15  inches  apart.  The  six  inch  diameter  specimens  were  traversed 
along  parallel  lines  at  0.25  inches  apart.  The  total  traverse  was  made 
in  two  stages  with  the  line  of  traverse  of  one  stage  at  right  angles  to 
the  traverse  lines  of  the  second  stage. 


CHAPTER  V 


DESCRIPTION  AND  DISCUSSION  OF  METHOD  OF  DATA  ANALYSIS 

5  1  General 

Factors  which  have  an  affect  on  the  hydraulic  pressure  developed 
during  the  freezing  of  water  in  concrete  paste  are  the  volume  of  en¬ 
trained  air,  the  air  bubble  size,  the  spacing  between  air  bubbles,  and 
the  distribution  of  bubbles  To  obtain  data  that  can  be  analyzed  to 
characterize  the  bubble  system  a  linear  traverse  is  performed  by  pene¬ 
trating  a  representative  volume  of  the  concrete  sample  with  a  random 
traverse  line,,  The  lengths  of  chords  which  intercept  aggregate,  paste, 
or  air  voids  are  measured  and  counted „  Statistical  methods  of  calcu¬ 
lation  are  used  to  provide  measures  of  the  various  characteristics  of 
the  concrete  and  air  bubble  system, 

5,2  Calculation  of  Volume  of  Constituents 

The  volume  of  aggregates  paste,  and  air  can  be  calculated  from 
the  results  of  the  linear  traverse,  Rosiwal  (1898)  showed  that  the 
percentage  volume  of  a  constituent  in  a  solid  could  be  computed  by 
dividing  the  sum  of  the  segments  intercepted  by  the  total  length  of  the 
penetrating  line.  This  volume  so  calculated  was  independent  of  the 
shape  of  the  constituents  of  the  solid  so  long  as  the  constituents  were 
randomly  oriented  and  the  structure  of  the  solid  was  isotropic. 
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5.3  Calculation  of  Spacing  Factor  and  Specific  Surface 

Spacing  factor  and  specific  surface  were  calculated  by  the  ASTM 
method  discussed  in  Chapter  2 

5.4  Air  Bubble  Size  and  Distribution 

Lord  and  Willis  (1951)  described  a  method  of  calculation,  and 
its  graphical  derivation,  by  means  of  which  the  bubble  size  distribution 
may  be  obtained.  The  derivation  of  this  method  was  graphical  and  may  be 
described  in  three  steps:  First,  the  relationship  between  a  'known 
distribution  of  sphere  diameters  and  the  expected  chord-length  distri¬ 
bution  is  developed  graphically;  second,  this  graphical  relation  is  used 
to  develop  the  relation  between  a  known  choid-length  distribution  and 
the  expected  sphere  diameter  distribution,  and,  finally,  the  steps  of 
the  arithmetic  calculation  are  outlined. 

For  a  given  chord  length  distribution  the  relationship  between 
the  number  of  spheres  and  the  chord  length  is  as  follows. 

TnA  (J)  NA(J+1)”' 

I  M(J)  "  M(J+1) 

and 

DIAM(J)  =  LENG(J) 

where 

BA(J)  -  the  number  of  spheres  in  the  J™  chord  length  interval 
of  the  chord  length  distribution,, 

T  =  traverse  length, 

t  li 

-  the  number  of  chord  lengths  in  the  J—  interval  of  the 
chord  length  distribution. 


BA(J)  -  ™ 

TT 1 


NAfJ) 
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M(J)  =  the  median  chord  length  of  chords  in  the  J~—  chord 
length  intervale 

DXAM(J)  =  the  diameter  of  BA(J)  spheres „ 

f  ll 

LENG(J)  =  the  upper  limit  of  chord  length  of  chords  in  the  J™ 
chord  length  intervale 

This  method  of  Lord  and  Willis  (1951)  assumed  a  continuous 
distribution  of  bubble  sizes  which  would  result  in  a  chord  length  distri¬ 
bution  curve  that  has  a  decreasing  slope  from  the  origin  to  the  maximum 
chord  length  observed □  Observed  chord  length  distribution  curves, 
generally,  have  points  of  inflection  in  the  small  size  range  and  again 
in  the  large  size  range  *  (Larson,  1966)  FIGURE  5.1,  which  is  typical  of 
the  chord  length  distribution  curves  in  this  study,  shows  these  points 
of  inflection  These  points  of  inflection  lead  to  the  calculation  of 
negative  values  for  the  number  of  bubbles.  Since  the  majority  of  bubbles 
are  in  the  smaller  size  range  the  method  of  Lord  and  Willis  does  not 
predict  accurately  the  number  of  smaller  bubbles. 

The  author  has  attempted  to  rationalize  the  reason  for  the 
points  of  inflection  and  thus  the  calculation  of  negative  values  of  the 
number  of  bubbles  and  has  attempted  to  estimate  the  error  in  the 
number  of  bubbles  so  calculated.  The  smallest  chord  length  that  should 
be  measured  should  have  a  length  approaching  zero.  However,  due  to  the 
limitations  of  the  human  observer  these  small  chord  lengths  cannot  be 
observed  and  counted.  If,  in  fact,  these  smaller  chord  lengths  could  be 
observed  and  recorded,  the  distribution  curve  in  the  range  of  the  smaller 
bubbles,  might  have  a  decreasing  slope  to  the  maximum  point  and  would, 
therefore,  agree  closely  with  the  shape  assumed  by  Lord  and  Willis. 


■ 


NUMBER  OF  CHORDS  OBSERVED  IN  TRAVERSE 
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CHORD  LENGTH  (INCHES  X  tO  ) 


FIGURE  5.1  TYPICAL  CHORD-LENGTH  SIZE  DISTRIBUTION.  (SAMPLE  Bla  -  01) 
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The  number  of  chord  lengths  is  proportional  to  the  number  of 
bubbles  whose  diameter  is  greater  than  the  chord  length  under  consider¬ 
ation  .  Therefore,  the  fact  that  the  smaller  chord  lengths  cannot  be 
counted  introduces  an  error  which  gives  a  smaller  number  of  bubbles 
than  actually  exists . 


An  estimate  of  the  magnitude  of  this  error  might  be  calculated 
as  follows: 

Assume  that  chord  lengths  less 
than  'x'  cannot  be  observed  and  counted 
and  let  the  bubble  radius  be  ' r ' 

(FIGURE  So 2).  If  the  traverse  line  takes 
all  possible  orientations,  the  ratio  of 
chords  not  observed  to  the  total  chords 
observed  would  be  the  ratio  of  the  area 
of  ring  of  width  'w',  to  the  area  of  the 
circle  of  radius  fr-w',  or  proportion  of 


chords  not  observed 


r2- (r-wj 
(r-w) 2 


where 


FIGURE  5.2  AIR  BUBBLE  DIAGRAM 


VI  -  T 


X' 

4 


From  the  observations  made  in  this  study  it  would  appear  that  'x' 
is  in  the  order  of  5  ten  thousandths  of  an  inch,  From  FIGURE  5.1  most  of 
the  chord  lengths  fall  between  10  and  30  ten  thousandths  of  an  inch. 

This  corresponds  to  a  bubble  size  radius  of  5  to  15  ten  thousandths  of  an 
inch.  Therefore,  the  error  due  to  the  inability  to  observe  the  short 
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chord  lengths  is  approximately  33%  for  bubbles  of  radius  5  ten 
thousandths  of  an  inch  and  3%  for  bubbles  of  radius  15  ten  thousandths 
of  an  incho 

The  shape  of  the  chord  length  distribution  curve  indicates  that 
the  majority  of  the  bubble  sizes  fall  into  the  range  where  the  error  due 
the  inability  to  observe  short  chord  lengths  is  the  greatest „ 

5o5  Computer  Application 

Approximately  5,000  to  6,000  individual  measurements  of  the 
traversed  length  of  air  voids,  paste,  and  aggregate  was  recorded  for 
each  surface  read.  The  data  was  initially  recorded  onto  either  punched 
cards  or  magnetic  tape „  The  data  on  punched  cards  was  used  directly  as 
data  input  to  the  computer*,  The  data  on  the  magnetic  tape  was  trans¬ 
ferred  onto  a  master  tape  for  storage . 

The  facilities  of  the  University  of  Alberta  IBM  7040  computer 
were  used„  All  programs  were  written  in  Fortran  IV  language. 

5. 5 d  Purpose  of  the  Computer  Programs 

For  the  data  which  was  recorded  onto  magnetic  tape,  a  program 
was  written  which  would  transfer  the  data  onto  a  master  tape  for  storage. 
Another  program  to  analyze  the  data  on  the  master  tape  had  two  basic 
parts.  The  first  part  was  designed  to  search  the  master  tape  to  find  a 
particular  data  set.  The  second  part  of  this  program  was  designed  to 
calculate  the  pertinent  parameters  and  output  the  desired  information. 

For  the  data  punched  onto  cards,  a  program  was  designed  which 
used  the  cards  directly  as  input  and  calculated  the  desired  parameters. 
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A  program  was,  also,  designed  to  transfer  data  from  the  punched  cards 
onto  a  master  tape  for  storage .  This  program,  for  various  reasons,  was 
not  utilized,,  Had  the  testing  program  been  fully  completed,  it  would 
have  been  necessary  to  transfer  data  from  punched  cards  to  a  master  tape 
since  the  storage  of  data  on  cards  is  space  consuming  and  awkward „  In 
addition,  computer  time  is  considerably  reduced  when  data  is  already  on 
a  tape. 

5.5 o 2  Program  for  Data  Transfer  and  Storage  on  a  Master  Tape 

This  program  is  simply  a  "read  -  write"  program  where  data  is 
read  from  one  tape  and  written  onto  another.  The  program  is  designed  to 
keep  a  record  of  the  exact  number  of  chord  lengths  for  a  particular 
surface . 


This  procedure  of  data  transfer  utilized  three  magnetic  tapes. 

1.  Data  Tape  from  Dymec  automatic  recorder. 

2.  Old  Master  Tape. 

3.  New  Master  Tape. 

The  Data  Tape  from  the  Dymec  Automatic  recorder,  containing 
readings  from  a  recently  traversed  surface,  was  copied  onto  the  New 
Master  Tape,  which  contained  no  information.  The  Old  Master  Tape,  which 
contained  data  from  all  previously  traversed  surfaces,  was  then  copied 
onto  the  New  Master  Tape.  This  procedure  of  copying  both  the  Data  Tape 
and  Old  Master  Tape  allowed  both  of  these  tapes  to  be  run  with  the 
protection  ring  out,  thus,  preventing  any  of  the  data  from  being  acci¬ 
dentally  lost. 
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TABLE  Aol  shows  the  magnetic  tape  formats „  A  listing  of  Fortran 
IV  coding  for  the  data  transfer  and  storage  program  is  shown  in 
APPENDIX  A o 

5o5„3  Program  for  Data  Analysis 

For  the  data  on  the  master  tape  a  program  was  designed  to  search 
the  tape  to  find  the  desired  data  set  then  calculate  the  desired  para¬ 
meters  and  output  the  information .  The  listing  of  the  Fortran  IV  coding 
for  this  calculation  program  Is  shown  in  APPENDIX  A. 


CHAPTER  VI 


PRESENTATION  AND  DISCUSSION  OF  TEST  RESULTS 

6  1  General 

Microscopic  examination  by  the  modified  linear  traverse  technique 
was  conducted  on  four  different  cores  from  three  bridge  decks  As  well 
examination  was  conducted  on  a  concrete  sample  from  the  P  C:A  *  labo¬ 
ratories  on  which  they  had  conducted  a  microscopic  examination  This 
sample  was  designated  PCA-FR-7.  In  all,  sixteen  surfaces  from  the  above 
samples  were  examined  Only  cores  Bl.i  and  B  ’  had  a  sufficient 
number  of  surfaces  read  to  indicate  the  type  of  results  that  could  be 
expected.  Because  of  the  excessive  time  required  to  develop  the  auto¬ 
matic  recording  apparatus  and  the  limited  time  available  for  the  whole 
program,  it  was  not  possible  to  obtain  data  from  any  more  than  four 
different  cores  plus  the  P  C  A  sample  FR-7. 

6  2  Correlation  of  Independent  Traverses  on  the  P  C  A  Sample 

The  P.C.A,  sample  was  subjected  to  two  independent  traverses 
The  first  traverse  was  just  over  120  inches  and  the  second  traverse  was 
83  inches  long  FIGURE  6,1  shows  the  relationship  between  aggregate, 
paste,  and  air  void  content  and  the  traverse  length  in  increments  of  ten 
inches  of  traverse  length  for  the  two  traverses.  TABLE  6.1  shows  the 


*  Portland  Cement  Association. 
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FIGURE  6.1  CORRELATION  BETWEEN  INDEPENDENT  TRAVERSES  ON  THE  PCA  SAMPLE  FR-7 


55 


values  of  aggregate,  paste,  and  air  content  for  each  traverse  and  the 
corresponding  values  as  determined  in  the  P  C  i  laborator i es =  The 
correlation  between  the  two  traverses  in  the  University  of  Alberta 
laboratory  was  considerably  closer  than  the  correlation  between  the 
University  of  Alberta  laboratory  results  and  the  P  C„A  laboratory 
results  o 


TABLE  6,1 

RESULTS  OF  THREE  TRAVERSES  ON  P„C.A„  -  SAMPLE  FR-7 


Laboratory 

Traverse 

Length 

Aggregate 

% 

Paste 

% 

Air  In 
Concrete  % 

Number  of  Voids 
Per  Inch 

P  =  C  „  A 

134  o  7 

- 

- 

5  =  54 

13  43 

U  of  A 

121=4 

69  =  9 

25  9 

4  2 

: 

1 

l 

!  O 

o 

° 

_ 

U  of  A 

83  =  4 

72=4 

23  0 

4  6 

8  1 

Mielenz  (1964)  has  suggested  that  the  reproducibility  of  the 
value  of  air  content  by  the  same  operator  should  be  within  0,3  percentage 
points  of  the  average  value  for  all  determinations =  The  reproducibility 
of  air  void  parameter  results  between  different  laboratories  is  not  known 
but  from  the  scanty  information  available  the  reproducibility  between 
laboratories  is  poor  (Mielenz,  1964)=  The  results  of  the  testing  in  the 
University  of  Alberta  laboratory  compared  to  the  results  from  the  P.CFA 
laboratories  tends  to  agree  with  this „ 


r 


COMPARISON  OF  LABORATORY  TESTS  WITH 
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6o3  Significance  of  Results  from  Short  Traverse  Lengths 

Since  the  microscopic  examination  by  linear  traverse  technique  is 
such  a  tedious  and  time  consuming  operation,  the  results  of  traverses 
shorter  than  those  recommended  by  AoS„Tc,M„  have  been  calculated  to 
determine  what  significance  can  be  attached  to  data  obtained  from 
shorter  traverse  lengths „ 

FIGURES  6,2  to  6 5  are  plots  of  the  relationship  between  traverse 
lengths  and  the  volume  of  aggregate,  paste,  and  air  in  the  concrete 
expressed  as  a  percentage  of  the  value  at  the  total  traverse  length „ 

These  plots  Indicate,  in  general,  that  at  one-half  of  the  recommended 
AoSoToM.  traverse  length  the  numerical  value  of  the  volume  of  concrete 
constituent  is  within  10%  of  the  value  at  the  full  traverse  length,, 

Sample  Glb-99  shows  the  greatest  deviation  (FIGURES  6,2  to  6.5) „ 

An  inspection  of  the  sample  showed  one  extra  large  piece  of  aggregate  on 
the  surface  that  was  traversed,  A  print  out  of  the  data  showed  that  in 
the  first  part  of  the  traverse  this  piece  of  aggregate  had  been  traversed 
in  each  pass.  This  single  large  piece  of  aggregate  tended  to  give  a  high 
value  of  aggregate  content  in  the  first  part  of  the  traverse „ 

Since  the  numerical  values  of  the  criteria  for  adequate  durability 
cover  a  wide  range  of  values,  the  physical  determination  of  these 
criteria,  in  many  cases,  need  only  be  accurate  enough  to  show  that  the 
various  concrete  characteristics  are  inside  the  range  or  outside  of  the 


range „ 
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FIGURES  6.6  to  6,15  show  the  relationship  between  traverse 
distance  and  the  various  concrete  characteristics  which  are  used  to 
determine  frost  resistance.  From  these  plots  it  is  evident  that  the 
spacing  factor  and  specific  surface> which  are  the  two  parameters  used 
most  widely  to  determine  frost  resistance,  are  quite  constant  over  the 
full  traverse  length.  From  these  plots  it  is  evident  that  a  traverse 
length  of  20  inches,  regardless  of  aggregate  size,  would  have  been 
sufficient  to  determine  the  frost  resistance  of  the  concrete  as  measured 
by  the  spacing  factor  and  specific  surface, 

6.4  Comparison  of  Field  Tests  and  Mix  Design  with  Results  from 
Linear  Traverse 

For  the  four  samples  tested,  the  as-built  records  showed  the 
exact  location  in  the  deck  where  the  field  tested  batch  of  concrete  had 
been  placed.  The  sample  cores  were  taken  from  these  locations.  The 
field  tests  and  mix  design  data  that  were  available  are  shown  in  TABLES 
3, 1,  3,2  and  3,3,  TABLE  6,2  compares  the  laboratory  results  from  the 
linear  traverse  with  the  results  from  field  tests  and  mix  design.  Only 
the  laboratory  values  of  the  concrete  at  a  depth  of  about  four  inches 
are  shown  in  TABLE  6,2  because  the  concrete  at  this  depth  is  considered 
to  be  more  representative  of  the  concrete  as  a  whole.  Reference  should 
be  made  to  TABLE  B1  in  the  APPENDIX  for  linear  traverse  results  at 
other  depths.  For  samples  Bla  and  B2c  the  air  meter  reading  is  almost 
twice  the  value  determined  by  the  linear  traverse  technique.  It  should 
be  noted,  however,  that  the  linear  traverse  air  content  near  the  surface 
was  considerably  greater  than  the  air  meter  reading.  The  reason  for  the 
large  difference  between  the  air  meter  reading  and  the  linear  traverse 
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air  content  is  not  apparent.  The  concrete  would  have  varying  water 
cement  ratio,  paste  volume  and  aggregate  gradation  with  respect  to  depth . 
The  variation  of  any  of  these  factors  could  produce  a  significant  vari¬ 
ation  in  the  air  content . 

The  values  for  samples  Fla  and  Gib  in  TABLE  6.2  show  a  good 
correlation  between  field  and  laboratory  tests  „  For  all  practical 
purposes,  the  values  of  air  content  in  the  concrete  by  air  meter  and 
linear  traverse  are  the  same.  The  paste  content  as  determined  by  linear 
traverse  is  from  3%  to  5%  higher  than  the  mix  design  indicated.  This 
could  be  due  to  a  deviation  from  the  mix  design  when  batching;  the 
concrete,  as  tested,  not  being  representative  of  the  whole;  or,  the 
placing  and  finishing  operation  changing  the  proportions  at  this  depths 
However,  the  values  do  correspond  quite  closely.  It  can  be  expected 
that  the  paste  content,  as  determined  by  linear  traverse,  would  be 
higher  than  the  actual  value.  The  reason  for  this  is  that  the  very  fine 
portion  of  the  aggregate  is  difficult  to  distinguish  under  the  micro¬ 
scope  and  could  be  identified  as  paste  rather  than  aggregate.  In  the 
case  of  samples  Fla  and  Gib,  TABLE  6.2  shows  the  aggregate  content,  as 
determined  by  linear  traverse,  to  be  lower  than  the  mix  design  would 
indicate.  Again,  a  possible  reason  being  that  the  fine  aggregate  could 
be  identified  as  paste  rather  than  aggregate. 

6.5  Air,  Paste,  and  Aggregate  Content  with  Respect  to  Depth 

For  samples  Bla,  B2c,  and  Fla  the  relationship  between  air  and 
paste  content  and  depth  is  shown  in  FIGURES  6.16,  6.17  and  6.18. 

FIGURES  6.19  and  6.20  show  photographs  of  sample  B2c  taken  at  two 
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locations  on  the  initial  surface  and  at  a  depth  of  approximately  4 
inches .  A  visual  examination  of  the  photographs  indicates  that  the  air 
void  system  at  the  surface  was  considerably  different  from  the  air  void 
system  at  a  depth  of  approximately  four  inches .  On  the  surface  of  sample 
B2c  the  photographs  show  that  the  air  voids  were  much  smaller,  more 
numerous,  and  more  closely  spaced  than  those  at  a  depth  of  four  inches . 
Subsequent  microscopic  examination  confirmed  the  photographic  obser¬ 
vations.  The  initial  surface,  shown  in  FIGURE  6.19,  had  a  spacing 
factor  of  0.0028  inches  and  a  specific  surface  area  of  1363  square 
inches  per  cubic  inch.  The  surface,  at  a  depth  of  4  inches,  shown  in 
FIGURE  6.20  had  a  spacing  factor  of  0.0048  inches  and  a  specific  surface 
area  of  1077  square  inches  per  cubic  inch. 

FIGURES  6.16,  6.17  and  6.18  show  the  variation  of  the  air, 
paste  and  aggregate  volumes  with  respect  to  depth  in  the  particular 
sample..  A  study  of  these  plots  reveals  that,  for  the  limited  data 
available : 

(a)  The  paste  content  at  the  surface  is  high;  decreases  rapidly 
in  the  top  few  tenths  of  an  inch;  and  approaches  the  design 
paste  content  just  below  the  top  half  inch. 

(b)  The  aggregate  content  at  the  surface  is  low;  increases 
rapidly  in  the  top  few  tenths  of  an  inch;  and  approaches  the 
design  aggregate  content  just  below  the  top  half  inch. 

(c)  The  air  content  in  the  paste  of  samples  Bla  and  B2c 
(FIGURES  6.16  and  6.17)  increased  in  the  top  few  tenths  of  an 
inch  then  decreased.  For  sample  Fla  (FIGURE  6.18)  the  paste 
air  content  increased  with  increasing  depth. 
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(d)  The  air  content  of  the  concrete  decreases  with  increased 
depth  for  samples  Bla  and  B2c  (FIGURES  6,16  and  6,17) „  The  air 
content  of  the  concrete  appears  to  remain  constant  with  in¬ 
creased  depth  for  sample  Fla  (FIGURE  6  18) 

the  high  paste  content  and  low  aggregate  content  at  the  surface 
of  the  samples  is  to  be  expected  since  the  field  finishing  operations 
tend  to  cause  segregation,  with  the  coarser  material  being  forced  away 
from  the  top  surface  and  mortar  brought  to  the  surface  for  finishing 
purposes . 

The  decrease  in  paste  air  content  at  the  surface  of  samples  Bla 
and  B2c  could  be  caused  by: 

(a)  The  mechanical  agitation  of  the  concrete  during  the  field 
finishing  operation,  or; 

(b)  The  higher  water-cement  ratio  at  the  surface  due  to 
bleeding,  or; 

(c)  The  change  in  aggregate  gradation  with  respect  to  depth 

Since  the  air  content  of  sample  Fla  (FIGURE  6,18)  indicated  a 
conflicting  trend  when  compared  to  samples  Bla  and  B2c  it  is  evident 
that  the  effects  of  field  placing  and  finishing  operations,  as  well  as 
aggregate  gradation.,  on  the  air  void  system  should  be  given  further 
study 

6  6  Spacing  Factor  with  Respect  to  Depth 

FIGURE  6,21  shows  variation  of  spacing  factor  with  respect  to 
depth  for  samples  Bla  and  B2c„  In  both  cases  the  spacing  factor  was 


quite  constant  in  the  top  portion  and  increased  at  the  centre  of  the 
sample „ 
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For  sample  Bla  the  spacing  factor  was  between  0,003  and  0,005 
inches.  For  sample  B2c  the  spacing  factor  was  between  0,005  and  0,006 
inches.  In  both  cases  the  spacing  factor  was  well  below  0,007  inches 
which  is  considered  adequate  for  a  frost  resistant  concrete, 

6.7  Number  of  Air  Bubbles 

FIGURE  6,21  shows  the  number  of  bubbles  per  cubic  inch  in  the 
concrete  with  respect  to  depth  in  samples  Bla  and  B2c,  The  number  of 
bubbles  per  cubic  inch  was  between  two  and  six  million  for  both  samples. 

Sample  B2c  had  the  highest  bubble  count  at  the  surface  (6 
million).  The  number  of  bubbles  decreased  with  Increased  depth  to  2 
million.  This  sample,  B2e,  had  the  highest  air  content  both  by  air  meter 
reading  and  by  linear  traverse  calculations.  It  also  had  the  highest 
bubble  count.  Sample  Bla  had  a  bubble  count  of  3-1/2  million  per  cubic 
inch  at  the  surface  which  increased  to  4-1/2  million  per  cubic  inch  at 
a  depth  of  1/10  inch  then  decreased  to  1-1/2  million  at  the  centre  of 
the  sample.  This  trend  for  increased  number  of  bubbles  near  the  surface 
is  to  be  expected  since  the  bubbles  are  only  contained  in  the  paste 
fraction  and  this  part  of  the  concrete  mass  decreased  considerably  in 
volume  with  increased  depth, 

6.8  Bubble  Size  and  Distribution 

FIGURES  6,22  to  6,24  show  the  bubble  size  distribution  for  the 
B,  G,  and  PCA  samples.  These  plots  are  in  terms  of  the  concrete  volume. 
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Since  the  air  bubbles  only  exist  in  the  paste  phase  and  the  paste  phase 
is  the  portion  which  requires  protection  from  frost,  these  figures 
should  be  studied  in  conjunction  with  FIGURES  6„ 16  to  6„18  and  TABLE  B,1 
which  all  give  the  volume  of  each  constituent „  In  general,  the  paste 
volume  at  the  surface  is  just  less  than  double  the  paste  volume  at  depth. 
Even  with  this  paste  volume  differential  FIGURES  6,22  to  6„24  indicate 
that  there  are  more  smaller  bubbles  at  the  surface  of  the  deck  than 
there  are  at  depth.  This  is  also  shown  in  FIGURE  6,21,  which  shows  the 
spacing  factor  increasing  and  the  specific  surface  area  decreasing  with 
increased  depth.  While  the  amount  of  data  is  not  sufficient  to  conclude 
that  there  is  a  larger  number  of  smaller  bubbles  at  the  surface  of 
concrete  decks  than  at  depth  the  data  does  indicate  a  trend  in  this 
direction „ 

It  should  be  noted  that  FIGURES  6,22  and  6  23  show  that  sample 
B2c  had  more  bubbles,  particularly  the  smaller  sized  bubbles,  than  did 
sample  Bla„  The  field  records  showed  that  more  air  entraining  agent 
was  used  in  the  concrete  of  sample  B2c  than  of  Bla„  The  tests  by 
Backstrom,  et.  al.  (1958)  showed  that  an  increase  in  the  quantity  of  air 
entraining  agent  would  produce  more  smaller  size  bubbles. 

For  all  three  samples  the  air  content  In  the  paste  at  all  depths 
was  sufficient  to  meet  the  requirements  of  a  frost  resistant  concrete. 

The  air  content  of  the  paste  at  the  surface  of  sample  B2c  was  20% 

(FIGURE  6,17) o  A  danger  of  this  high  air  content  could  be  that  it  would 
reduce  considerably  the  structural  strength  and  the  abrasion  resistance 


of  the  concrete 
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FIGURE  6.2  VARIATION  OF  AGGREGATE  CONTENT  WITH  TRAVERSE  LENGTH 


PASTE  CONTENT  -  %  OF  VALUE  AT  TOTAL  TRAVERSE  LENGTH 


65 


TRAVERSE  LENGTH  (INCHES) 


FIGURE  6  3  VARIATION  OF  PASTE  CONTENT  WITH  TRAVERSE  LENGTH 
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FIGURE  6.4  VARIATION  OF  AIR  CONTENT  IN  THE  CONCRETE  WITH  TRAVERSE  LENGTH 
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FIGURE  6.6  RELATIONSHIP  BETWEEN  AGGREGATE  CONTENT,  PASTE 
CONTENT,  AJR  CONTENT,  AND  SPACING  FACTOR,  AND 
SPECIFIC  SURFACE  WITH  TRAVERSE  DISTANCE.  FOR 
SAMPLE  B2c,  SURFACE  01. 
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FIGURE  6.7  RELATIONSHIP  BETWEEN  AGGREGATE  CONTENT.  PASTE  CONTENT, 
AIR  CONTENT,  AND  SPACING  FACTOR,  AND  SPECIFIC  SURFACE 

WITH  TRAVERSE  DISTANCE.  FOR  SAMPLE  B2c,  SURFACE  02. 
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FIGURE  6.8  RELATIONSHIP  BETWEEN  AGGREGATE  CONTENT,  PASTE  CONTENT 
AIR  CONTENT,  AND  SPACING  FACTOR,  AND  SPECIFIC  SURFACE 
WITH  TRAVERSE  DISTANCE.  FOR  SAMPL  E  B2c,  SURFACE  05. 
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FIGURE  6.9  RELATIONSHIP  BETWEEN  AGGREGATE  CONTENT,  PASTE  CONTENT,  AIR  CON¬ 
TENT,  AND  SPACING  FACTOR,  AND  SPECIFIC  SURFACE  WITH  TRAVERSE  DIS¬ 
TANCE.  FOR  SAMPLE  B2c,  SURFACE  99. 
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FIGURE  6.12  RELATIONSHIP  BETWEEN  AGGREGATE  CONTENT,  PASTE  CONTENT, 
AIR  CONTENT,  AND  SPACING  FACTOR,  AND  SPECIFIC  SURFACE  WITH 
TRAVERSE  DISTANCE.  FOR  SAMPLE  Bla,  SURFACE  99. 
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FIGURE  6.13  RELATIONSHIP  BETWEEN  AGGREGATE  CONTENT,  PASTE  CONTENT, 

AIR  CONTENT,  AND  SPACING  FACTOR,  AND  SPECIFIC  SURFACE 
WITH  TRAVERSE  DISTANCE.  FOR  SAMPLE  Gib,  SURFACE  99. 
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FIGURE  6.14  RELATIONSHIP  BETWEEN  AGGREGATE  CONTENT,  PASTE  CONTENT, 
AIR  CONTENT,  AND  SPACING  FACTOR,  AND  SPECIFIC  SURFACE 
WITH  TRAVERSE  DISTANCE.  FOR  SAMPLE  FR  7  1st  TRAVERSE. 
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6.15  RELATIONSHIP  BETWEEN  AGGREGATE  CONTENT,  PASTE  CONTENT, 
AIR  CONTENT,  AND  SPACING  FACTOR,  AND  SPECIFIC  SURFACE  WITH 
TRAVERSE  DISTANCE.  FOR  SAMPLE  FR  7  2nd  TRAVERSE. 
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FIGURE  6.17  VARIATION  OF  AIR,  PASTE  AND  AGGREGATE  CONTENT  WITH  DEPTH  FOR  SAMPLE  B2c 
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FIGURE  6.18  VARIATION  OF  AIR,  PASTE  AND  AGGREGATE  CONTENT  WITH  DEPTH  FOR 
SAMPLE  Fla 
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FIGURE  6.19  AIR  VOID  SYSTEM 
IN  INITIAL  SURFACE  OF  SAMPLE  B  2  C 
(Magnification  25  times) 
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FIGURE  6.20  AIR  VOID  SYSTEM  AT 
DEPTH  OF  4"  IN  SAMPLE  B  2  C 
(Magnification  25  times) 
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FIGURE  6  22  BUBBLE  SIZE  DISTRIBUTION 
FOR  SAMPLES  Bla  AND  Gib 
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FIGURE  6.23  BUBBLE  SIZE  DISTRIBUTION 
FOR  SAMPLE  B2c. 
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FIGURE  6.24  BUBBLE  SIZE  Dl STRIBUTION 
FOR  SAMPLE  FR  -  7 


CHAPTER  VII 


CONCLUSIONS  AND  RECOMMENDATIONS 
FOR  FUTURE  RESEARCH 


7.1  Conclusions 

The  purpose  of  this  study  was  to  develop  a  method  to  analyze  the 
characteristics  of  the  constituents  of  concrete  specimens  and  in  parti¬ 
cular  to  analyze  the  air  void  system  of  the  concrete. 

The  modification  of  the  traverse  device  to  utilize  the  automatic 
data  acquisition  system  proved  to  be  an  efficient  system  for  the  col¬ 
lection  of  data.  With  this  equipment,  and  by  utilizing  computer  tech¬ 
niques  for  data  analysis,  a  large  number  of  specimens  could  be  analyzed. 

The  number  of  bubbles,  and  the  bubble  size  distribution,  are  the 
factors  which  determine  the  travel  length  of  capillary  water  through 
cement  paste  so  they  could  be  used  to  derive  a  measure  of  the  frost 
resistance  of  concrete.  The  method  of  Lord  and  Willis  can  be  used  to 
calculate  the  number  of  bubbles  and  the  bubble  size  and  distribution. 
However,  it  is  questionable  whether  the  accuracy  of  this  method  is 
sufficient  to  provide  a  better  measure  of  frost  resistance  than  is  the 
usual  method  of  calculating  the  spacing  factor  and  specific  surface 
area. 
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This  study  also  developed  a  method  to  determine  the  air  void 
characteristics  o"  concrete  with  res  :ect  'o  p-  a  cyl  indrical  speci¬ 

men  :  The  field  tests  on  the  concrete  indicated  that  the  concrete  was  of 
good  quality  and  contained  the  recommended  volume  of  air  for  a  frost 
resistant  concrete.  Subsequent  microscopic  examination  showed  that  the 
air  content  in  the  surface  of  these  samples  was  sufficient  and  of  a 
nature  to  he  considered  frost  resistant.  On  the  basis  of  the  few 
samples  tested  there  is  no  clear  evidence  that  the  air  content  at  the 
surface  of  a  bridge  deck  is  less  than  the  air  content  at  deoth .  The 
indication  is  that  the  air  bubbles  are  smaller  in  size  and  more  numerous 
near  the  surface  than  at  depth.  These  factors  are  more  significant  In 
producing  frost  resistant  concrete  than  the  air  content  as  such. 


For  the  purpose  of  determining  the  air  void  characteristics,  as 
a  measure  of  the  frost  resistance  of  concrete,  twenty  incb.es  of  traverse 
length  will  yield  significant  results. 


7.2  Recommendations  for  Future  Research 

The  sample  B2c  taken  from  the  deck  of  the  Highwood  River  Bridge 
at  High  River,  had  a  very  high  air  content  at  the  surface.  This  high 
air  content  could  result  in  a  reduced  strength  concrete  surface  on  the 
deck  which,  could  be  abraded  away  unless  the  deck  had  a  wearing  surface 
over  the  concrete.  This  abrasion  resistance  of  bare  concrete  traffic 
decks  is  an  important  property  which  should  be  further  investigated. 


The  samples  B2c  and  Bla  both  showed  a  high  air  content  near  the 
surface  and  a  considerably  lower  air  content  near  the  center  while  the 
sample  Fla  showed  a  more  consistent  air  content  with  respect  to  depth. 
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The  B  samples  were  placed  under  winter  conditions  while  the  F  sample  was 
placed  under  hot  summer  conditions ,  All  of  the  variables  in  placing  and 
finishing  concrete  such  as  temperature,  screeding  practices,  mixing  time 
and  curing  methods  which  could  affect  the  air  void  system  should  be 
studied.  As  well,  the  effect  on  the  air  voids  system  of  the  properties 
of  the  concrete,  such  as  aggregate  gradation,  water-cement  ratio,  and 
cement  content,  that  are  changed  during  the  placing  and  finishing  should 


be  studied. 
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APPENDIX  "A" 

FLOW  DIAGRAM  AND 
FORTRAN  CODING 


FOR  COMPUTER  PROGRAMS 


TABLE  A.l 


DEFINITION  OF  TERMS  IN  COMPUTER  PROGRAMS 


AGG 

The  percentage  by  volume  of  aggregate  in  the  concret 

AGL 

The  total  length  of  the  largest  aggregate  particle 
traversed , 

AIR 

The  percentage  by  volume  of  air  in  the  concrete. 

AIRL 

The  total  length  of  air  chords  traversed „ 

AIRP 

The  percentage  by  volume  of  air  in  the  paste. 

ALPHA  ■ 

The  specific  surface  area  of  air  in  the  concrete. 

BA 

The  number  of  air  bubbles  per  cubic  inch  of  a 
particular  diameter. 

BAG 

The  number  of  aggregate  particles  per  cubic  inch 
of  a  particular  diameter. 

BIGA 

The  total  number  of  size  groups. 

BIGGP  - 

The  largest  paste  chord  length  traversed. 

CM 

A  factor  to  convert  the  chord  lengths  to  inches 
(CM  =  0.0001)  . 

CPAST  ■ 

The  median  length  of  a  paste  chord  length  group. 

DIAMA  • 

The  diameter  of  air  bubbles. 

DIAMG  - 

The  diameter  of  aggregate  particles. 

LENG 

The  length  of  the  material  traversed. 

LIN 

The  number  identifying  the  particular  level  which 
was  read . 

M 

The  number  identifying  the  material  traversed, 

MAXA 

The  length  of  the  largest  air  chord  traversed. 

MAXP 

The  length  of  the  largest  paste  chord  traversed. 

MINA 

The  length  of  the  shortest  air  chord  traversed. 

MING 

The  length  of  the  smallest  chord  traversed. 

A2 


TABLE  A , 1  -  (Cont'd,) 


MINP 

NA 

NAG 

NP 

NUMA 
NUMG 
NUMP 
PASTE  - 
PASTL  - 
SPACE  - 
T 
Y 


The  length  of  the  shortest  paste  chord  traversed. 

The  number  of  air  chord  lengths  in  a  particular 
size  ranges 

The  number  of  aggregate  chord  lengths  in  a 
particular  size  range. 

The  number  of  chord  lengths  in  a  particular  size 
range , 

The  total  number  of  air  chords  read. 

The  total  number  of  aggregate  chords  traversed. 

The  total  number  of  paste  chords  traversed, 

The  percentage  by  volume  of  paste  in  the  concrete. 
The  total  length  of  paste  chords  traversed. 

The  spacing  factor  of  air  voids  in  the  concrete. 
The  total  length  of  the  traverse. 

The  chord  length  interval  in  a  particular  group. 
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This  is  the  exact  number  of  data  sets  that  hav 
been  recorded  on  the  tape  for  this  surface. 


A  1  FORTRAN  CODING  FOR 


DATA  TRANSFER 


AS 


iJOQ  10U03O  GLENN  K« SMITH 

$  f  l  ML  0  30  »  300'’' 

tIBJOU  NOl'LCK. 

*F  1  LE  C>FTC02.(!!‘.UU3  ,U03  ,ULF  LR  ,  U  LUC  IC  =  2000  *  6  INGLE  .  RLL  L  ,  HI  UH 1  U<L  ■  /  0^ 

TC  RCT=500» tRK=REKKX. » LuF=RLuF  x. ,  Luk  =  KEoKX. . T  YPL3 

iF  1  LL  i-*F  7  L03.«"'»U04  ,U0'*  ♦  OLF  Lk  ,  b  LOC  6=2000  *  S 1  NULL  , KttL ,  Hi  OH ,  lKl  =  2qJ 

iEFC  KCT  =  500,tKw  =  i<ERKX.,LUF  =  Kt^FX. ,Luk=KEukx.  ,  TYPE  3 

iFILE  (^FTCO'i  .«,Uu3  ,U03  » OLF  EK  » (3  luC<  =  20  •  S I  ngl  E  ,  REEL , low , LKL  =  20  * 

iCTC  RCT  =  01 tERR  =  RERRX. .tUF  =  KEoFX. ,EoK=ktoRx. *  T YRt 1 

$  I  OF  TC  PROCES  NOUECK 

REWIND  4  I 

REWIND  3  I 

INTEGER  LIN 

DIMENSION  M ( 9500 '  •  uENGt9500>.  COMI20),  lM(lO).  1 LENG < 1 0 ) . I L 1 N ( 10 ) 
DATA  END/6H  LNd  /  ; 

READ(5»4lOO)  ITYRE  i 

40CC  FORMAT ( IX , 11)  ; 

WR  I  TE ( 6.4008  I 
4008  FORMAT ( 1H1 ) 

2u9  Read  15.40011  sample,  line,  depth,  file,  cum 

4001  FORMAT < A6 .  I  3 »F6. 3 » I  6 » BA6/12A6 )  • 

I F I  SAMPLE. EO.END'  GO  TO  201  I 

I FLG=  C  I 

1  COUNT  =  0 

C****«oATA  TAPE 

202  READ (4. 40 02) I »LIN( I ) » I M ( 1 ) . 1LENGI 1 ) .  1=1.10) 
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DO  2  0  3  1  =  1  ,  10 

1FI 1LENGI I ).GT. 40000)  GO  TO  204 

ICOUNT  =  ! COUNT  +  1 

IF( ILENGI I ) .LT.35000)  GO  TO  260 

IFLG  =  I FLG  +  1  j 

WRITEI6.4003)  ILINI I ) , IM( I ) , ILENGI 1) 

4003  FORMAT! IX, 14HERROR  CHORD  I S  ,  2 X  ,  I  3 , 2 X . I  2 . 2X , I  6  I 
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210  LIN  =3 

Ml ICOUNT )  =  I M ( I ) 

LENG(ICOUNT)  =  1LENGII) 

203  CONTINUE 

GO  TO  2  02  -  -• - < 

204  K  =  ICOUNT  -  1 

IF! ICOUNT. GT. 9500)  oO  TO  208 

WR I T  E ( 6 , 4  004 )  SAMPLE , L I NE , DEPTH , F I LE , I  COUNT .COM  .  I 
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C#»***NEW  MASTER  TAPE 
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DO  402  1=  1,  ICOUNT 

WR  I  TE  (  3 .4007  )  LI  fl  •,  Ml  1  >  ,  LENG  (  I  ) 

402  CONTINUE 


4007  FORMAT (3(16)) 

GO  TO  208 

201  IF! ITYPL.GT.O)  GO  TO  212 
REWIND  2 

C *****OLU  MASTER  TAPE 

213  Rt AD (2,4006)  SAMPLE , L I Nb , DEPTH , F 1 LE , I  COUNT , COM 
I F ( SAMPLE. EQ. END )  GO  TO  212 

WR  I  T  E ( 3 , 4  106)  SAMPLE, LINE, DEPTH, FILE,  I  COUNT , COM 

DO  403  1=1,  ICOUNT 

READ  (2,4007)  LIP.  ,  M  (  I  )  ,  LENG  (  I  ) 

WF ’  11,4007)  LIN  , Ml  I  )  »LENG(  1  ) 

403  CO  SlTINUE 
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212  hMTE(3 ,4006  )  END  ,  L  I  NE  ,  DLPT  H  ,  F  1  LE  ,  1  COUNT  ,  COM 
END  FILE  3 
REWIND  3 
216  CALL  EXIT 
END 


i  ENTRY  PROCF.S 

ITYPI  CARD  FOR  AN  UPDATE  RUN 


I  S 


F  Ml) 
TIIERI 


NO  MORF  DA  1 A  OUIT  NOW 


■ 


. 


A6 


A . 2  FORTRAN  CODING  FOR 


TAPE  SEARCH 
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$  JOB 
$  T  IME 
£  I B JOB 
£F  I  LE 
£  E  T  C 


180030  GLENN  R. SMITH 

030*4000 
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(?>FTC04  .W.U04  *U04  ,MUUNT  »  BLuCR=2000  *  S  I  NGLE  ,  Kt'E  L  ,  H 1  GH  *  lKl  =  2 0, 
RCT=300*EKK=KEKKx. *EOF=REuFX. »EOK=kEOKX. ,  TYPE 3 


SIBFTo  CALCS  NODECK 
R  E  W I  N  0  4 

INTEGER  Lin,  M*  LENG 

DIMENSION  NA(1000),  NP(2000),  NAG(3000)»  BA<1000),  BAG<3000>* 
2CPAST(2000)  , DI AM A (1000).DIAMG(3000)*CUM(20>*  S(ll> 

DATA  END/6H  END  / 

240  READ (5*4001)  SAMPLE*  LINE.  DEPTH,  FILE*  CUM  - 

4001  FORMAT (A6*I3*F6.3.I6*8A6/12A6) 

I F ( SAMPLE . EQ. END )  GO  TO  216 

SE  ARCH  =  SAMPLE  .  ..  . . ’ 

LFIND=LINE  a 

218  REaD(4,4006)SAMPLE*LINE, DEPTH, FILE, ICUUNT.CUM 
4  0  06  FORMAT (A6*16,F6.3,I6*  I6/2  0A6  ) 

I F ( SAMPLE. EQ. END )  GO  TO  241 


GO  TO  305 

241  WR I TE ( 6 *40  10  )  SEARCH,  LFIND 

4010  FORMAT  ( 1 H 1 ,  3 8HCOULD  NUT  FIND  DATA  ON  TAPE  FUR  SAMPLE. 
23X.A6.  3X,  4HLINE.  3X,  16) 

GO  TO  260 

305  IF ( SEARCH. EQ. SAMPLE)  GO  TO  301 
GO  TO  302 

302  DO  303  1  =  1  *  1  COUNT 
READ (4,4007) LIN, M,LlNG 

303  CONTINUE 
GO  TO  218 

**********  ******************* v  ******************************* 


r  *  w  *  *  *  n 


******BEG1N  CALCULATIONS  HERE  - - - -I 

******rEAD  DATA  FROM  TAPE  AS  REQUIRED 

**#*#**iH#**im****K)HHHf****<***#i(*1Ht*jH**###********#*#*»###**#*#***»*## 


#*#*#*#X****»**##****JHt#*##*»i******#**#*##*#****#***##*###»*#**#***#**« 

260  REWIND  4 
GO  TO  240 

216  REWIND  4  - - -  - - 

CALL  EXIT 
END 

GENTRY  CALCS 


\ 


J 


FLOW  DIAGRAM 


A, 3 


FOR  CALCULATIONS 


FLOW  DIAGRAM  FOR  CALCULATIONS 


READ  SAMPLE 
IDENTIFICATION 

£ 

IIT  TRAILER>- 


DO  A  CHECK,  SORT  AND' 
ySUM  FOR  10  READINGS  / 


YES 


YES 


< 


WRITE  ERROR 
CHORD  LENGTH? 


(GO  TO  2 
ANOTHER  READ IF 


NO 


WRITE  MATERIAL  IDENTI 
FICATION  WAS  WRONG 
x-  ~~ - 

S'  GO  T02  \ 

(DO  ANOTHER  READING  ) 


NUMBER  OF  CHORDS  IN  A 
PARTICULAR  CHORD  LENGTH  INTERVAL 


GO  TO  242 

(nr am  AunnirD  nATA  TAP 


Ann 


A10 


( 


A „ 4  FORTRAN  CODING 


FOR  CALCULATIONS 


A12 


18C030  GLENN  R. SMITH  IN  TENS  FORTRAN  SOURCE  LIST 


ISN 

SOURCE  STATEMENT 

0 

IIBFTC 

TENNS  NODECK. 

L 

C IMENS ION  PSMAL (  100  ) 

2 

DIMENSION  CORDH( 100) ,COROL ( 100) 

3 

C l MENS  ION  L I N (  10)  ,M(  10) ,L6NG( 10) 

4 

DIMENSION  NA(IOOO),  NPI2000),  NAG13000),  BA(IOOO), 

2CPAST  (  20C0 ) ,DIAMA( 1000) ,DI AMGI 3000) ,  COM (20)  t  Sill) 

5 

DATA  END/6H  END  / 

6 

240 

READ(5,4C0l)  SAMPLE,  LINE*  DEPTH,  FILE,  COM 

10 

4001 

FORMAT ( A6 , l  3  ,  F6 . 3 , I 6 , 0 A6/ 1 2A6 ) 

11 

IF( SAMPLE. EQ. END)  GO  TO  216 

14 

B  I  GA  =  0. 

15 

B  I  GP  =  0. 

16 

B  I  GG  =  0. 

17 

T  =  0  . 

20 

DO  l  1=1,1000 

21 

N A (  I  )  =  0 

22 

1 

CONTINUE 

24 

CO  150  I  »  1,2000 

25 

NP (  I  )=  0 

26 

150 

CONTINUE 

30 

00  151  I  =1,3000 

31 

N AG ( I )  =  0 

32 

151 

CONTINUE 

34 

NUM A=0 

35 

NUMP=0 

36 

NUMG=0 

37 

A  I RL  =  0 . 

40 

PASTL=0. 

41 

AGL=0. 

42 

M  A  X  A  =  0 

43 

M I N A=  10000 

44 

M  A  X  P  =  0 

45 

M INP=  100C0 

46 

M AXG=0 

47 

M I NG= l OOC  00 

50 

CM=0 .000  1 

51 

A  I K=  1 . 

52 

242 

READ(5,4C07)  ( L I N ( I )  , M ( I )  , LENG ( I ) ,  1  =  1,10) 

57 

4007 

FORMAT ( 10(12,11,15)) 

•  60 

IF(LENG(2).GT. 40000)  GO  TO  27 

63 

DO  2  1=1,10 

C 

AC CR  219  IS  WHERE  CALCS  SHOULD  START 

64 

219 

ALENG=LENG(  I  ) 

. . 

65 

IF  I LENGI  I  )  .EQ.O  )  GO  TO  504 

70 

IF ( M(  I  )  .GT.O  )  GO  TO  501 

73 

IF(LENG(  I  ).GE.900)  GO  TO  504 

76 

GO  TO  503 

77 

501 

I F ( M ( I  )  . EQ •  1  )  GO  TO  506 

102 

IF( LENG(  I  ) .GT.20000)  GO  TO  504 

105 

GO  TO  503 

106 

506 

IF ( LENGI  I  )  .GT. 1600)  GO  TO  504 

111 

GO  TO  503 

112 

504 

WRI TE(6,4000)  M ( I ) , L ENG ( I )  > 

113 

4000 

FORMAT ( IX, 14HERR0R  CHORD  I 5y2X  ,  I l ,2X , I 5 ) 

BAG ( 3000  )  , 


. 

. 
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SOURCE  STATEMENT 

1  14 

GO  TO  2 

115 

503 

CONTINUE 

116 

T  =  T  ♦  AL  ENG»C  M 

117 

I  F I M (  I  J.EQ.O)  GO  TO  3 

122 

IF ( M(  I  )  .EC.  1  )  GO  TO  9 

125 

I F ( M (  I  J.EQ.2)  GO  TO  15 

C«Mi 

»*  AIR  CHORD  SORT 

130 

WRITEI6, 1003)  LENG 

131 

1003 

FORMAT  (  1  1  X  ,  4 3FtM A  TER  I  AL 

132 

GO  TO  2 

133 

3 

A  I RL=  AIRL  ♦  I ALENG*CM ) 

134 

IF ( LENGI  l  )  .GT.MAXA)GO  T 

137 

101 

I F ( L ENG (  I ).LT.MINA)GU  T 

142 

GO  TO  6 

143 

4 

MAXA=LENG( I ) 

144 

GO  TO  101 

145 

5 

M I NA  =  LENG (  I  ) 

146 

6 

NUM A*  NUMA  *1 

147 

A=  1  • 

150 

66 

IFIALENG  .LT.A*10.)G0 

153 

A  =  A  + 1 • 

154 

IFIA.GT.10.)  GO  TO  65 

157 

GO  TO  66 

160 

65 

IFIALENG  .  L  T. I  A* 1 0 . ♦ ( 

163 

A  =  A ♦ 1  • 

164 

IF ( A.GT.BIGA  )  GO  TO  67 

167 

GO  TO  70 

170 

67 

B  I  G  A  =  A 

171 

70 

IF  I A.GT.  15. )  GO  TO  68 

174 

GO  TO  65 

175 

68 

IFIALENG  .LT.IIA-13.) 

200 

A  =  A ♦  1  • 

201 

IFl A.GT.BIGA)  GO  TO  69 

204 

GO  TO  68 

205 

69 

BIGA  =  A 

206 

GO  TO  68 

207 

8 

J  =  A 

210 

N  A  I  J  )  =  N  A  (  J  )  ♦  1 

211 

GO  TO  2 

»*  PASTE  CHORD  SORT 

212 

9 

PASTL  =  PASTL  ♦  IALENG*! 

213 

I F I LENGI  I  )  .GT.MAXP )  GO 

216 

102 

I F I LENGI  I  ).LT.MINP)  GO 

221 

GO  TO  12 

222 

10 

MAXP  =  LENG I  I  ) 

223 

GO  TO  102 

224 

11 

M I N P=  LENGI  I  ) 

225 

12 

NUMP  =NUMP+  1 

226 

A=  1  . 

227 

13 

Y=  10. 

230 

IFIALENG. LT.A*Y)  GO  TO 

233 

A  =  A ♦  1  . 

234 

IF! A.GT.BIGP)  GO  TO  24 

237 

GO  TO  13 

240 

24 

B I GP=  A 

1 7 ) 


4 

5 


10 


14 


) 


- 

■ 
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GLENN  R. SMITH  IN  TENS 

SOURCE  STATEMENT 


I  SN 

24  l 

242 

14 

243 

244 

C»«** 

245 

15 

246 

251 

103 

254 

255 

16 

256 

257 

17 

260 

18 

261 

262 

19 

263 

266 

267 

272 

273 

25 

274 

275 

20 

276 

277 

2 

301 

304 

305 

27 

306 

307 

1056 

310 

311 

5C00 

312 

1008 

313 

ICO  7 

314 

1009 

315 

1011 

316 

1012 

317 

1032 

C*««* 

320 

32  1 

322 

323 

324 

325 

326 

327 

/ 

330 

92 

332 

333 

334 

335 

336 

FORTRAN  SOURCE  LIST  TENNS 


CO  TO  13 
J  =  A 

NP ( J  )=NP ( J )  +  l 
GO  TO  2 

*»**  AGGREGATE  CHORD  SORT 
AGL  =  AGL  +  (ALENG*CM) 

IF(  LE.NGI  I  )  .GT.MAXGIGO  TO  16 
IFILENGI  I  J.LT.MING)  GO  TO  17 

GO  TO  18 
M AXG  =  L  ENG  I  I  ) 

GO  TO  103 
M  I  NG  =  L  ENG (  I ) 

NUMG  =  NUMG  +1 
A=1  . 

Y  =  20. 

I F ( ALENG.LT. A*Y )  GO  TO  20 
A= A  +1. 

IF(A.GT.GIGG)  GO  TO  25 
GO  TO  19 
DIGG  =  A 

GO  TO  19  _ _ 

J  =  A 

NAG(J)  =NAG(  J  )•*■  1 
CONTINUE 

I  F { T.GT.AIK*10.  )  GO  TO  27 

GO  TO  2 A 2 

WR I TE ( 6,  1056 )  _  _ 

A  I K  =  A  I  K+  1  . 

FORMAT (  1 H  1  ) 

RR I TE ( 6, 5C00 )  SAMPLE  ,  L  lNE»DEPTh»F I  L  E  » COM 
FORMAT ( A6» I6»F6.3» I 6/20A6) 

FORMAT l  1  F  J  , 6X  ,  5HT0TAL,  6X,  7HLARGEST,  5X,  8HSMALLEST,  5X, 
29HNUMBER  OF,  5X  ,  9HNUMBER  OF/  6X,  6HLENGTH,  7X,  5HCH0RD, 

28X,  5HCHCRD,  8X  ,  6HCH0RDS ,  8X,  6HGR0UPS ) 

FORMAT (  1HJ ,6X, 1  1HDATA  ON  AIR) 

FORMAT ( 1FJ,  3X ,  F9.4,  5X,  17,  6X,  17,  6X,  15,  11X,  F5.0) 

FORMAI ( IHK,6X, l 3HDATA  ON  PASTE) 

FORMAT (  1  HK , 6 X , 17HDATA  ON  AGGREGATE) 

FORMAT!  1HK,6X,28HT0TAL  DISTANCE  TRAVERSED  WA S , 5X , F 9 . 4 , 5X , 6H I NCHES ) 
BUBBLE  SIZE  CALCULATION 
AN A  =  NA I  l  ) 

ANA  1  =  N A ( 2  ) 

B  A (  1  )  =  ( 2./I 3. 14*T*CM*CM) ) 

DO  92  J  =  2  »  9 
AN A  =  NA ( J  ) 

ANA  1  =  N A ( J  +  l  > 

A  =  J 

BAIJ)=(2./(3.14*T*10.*CM*CM)  ) 

2 (  A  N  A  l  /  (A*l0.  +  5.  ) )  ) 

CONTINUE 
AN A  =  N A (  10  ) 

ANA  l  =  N A {  1  1  ) 

BA(  10)  =  (2./(3.14»T»CM*CM)  )  * 

CO  93  J=  1  1  ,  14 
AN A  =  N A ( J  ) 


•  (ANA/37.5  -  ANA  1/150.  ) 


*  (  (ANA/( (A-l. ) • 10*  +  5*  )  )  - 


1 (ANA/950. )-  ( ANA1 /  2200. H 


. 


. 
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337 

/ 

ANA  1  =  N  A  (  J+  1  ) 

3  40 

A  =  J 

34  I 

B A ( J  )  =  ( 2  .  /  ( 3.  14*T*20.*CM*CM)  )  *  ((ANA/  ( A *  1 0 .  +  ( A- l  l  . 
2 ( A  N  A  l  /  ( A  *  1 0  .  ♦  { A-ll.  )*l0.+20. )  )) 

)*10.  )  )- 

342 

93 

CONT  INUE 

344 

ANA=NA ( 15 ) 

345 

ANA  1  =  NA(  16  ) 

3  46 

0  A {  15)=  (2./I3.14*  T  *  CM*  CM )  )  *  (ANA/3800.  -  ANAl/25000 

.  ) 

347 

IFIBIGA.LT. 16.)  GO  TO  95 

352 

1=  BIGA  -l. 

353 

CO  94  J=  1 6  »  L 

354 

AN A=NA { J  ) 

355 

ANA 1  =  NA( J  +  1  ) 

356 

A  =  J 

357 

8  A ( J  )  =  (2./  (3.14*T*100.  *CM*CM))  *  ((ANA/  ( ( A-14. ) *100. *50. ) )- 

2  ( ANA  1/  (  ( A-  14.)  *  100. +  150.))) 

360 

94 

CONTINUE 

362 

LAS  T  =  B  IGA 

363 

ANA=N A (LAST ) 

364 

B  A  (  L  A  S  T  )  =  (2./  ( 3 . 1 4  *  T  *  1  00 . *C M *CM )  )  *  ( AN A/ ( ( B I GA~ 1 4 . 

)*100.+50. ) ) 

365 

GO  TO  96 

366 

95 

WR I TE ( 6, 1055 ) 

367 

1055 

FORMAT (  1HJ  ,  1  . **#**.**•/ 62H  CALCULATION  FOR  LAST 

2  WILL  HAVE  TO  BE  DONE  BY  HAND) 

BUBBLE  SIZE 

370 

96 

CCNT INUE 

C  *  *  *  • 

**  AIR  CONTENT, SPAC ING  FACTOR,  ETC. 

4  10 

A  I  R= ( A  I  RL /  T  )*1C0. 

411 

AIRP  =  (AIRL/IAIRL  +  P ASTL ) )  *  100. 

> 

412 

PASTE  =( PASTL/  T  )  *100. 

4  13 

A  GG= ( AGL/T ) *  100 . 

4  14 

ANUM=NUMA 

415 

A  L  P  HA=  4 . /  (  ( A  I RL  )  /ANUM) 

4  16 
417 

C=  PASTE/AIR 

I  F ( C.LT.4.33) GO  TO  40 

- - - 

422 

GO  TO  41 

423 

40 

SPACE=PASTE/( 400. *( ANUM/ T ) ) 

424 

GO  TO  42 

425 

41 

SPACE  = ( 3  .  /ALPHA ) *  (  1 . 4 * (  ( P A S T E / A  I R  + 1 . ) * *0. 333 ) - l . ) 

426 

42 

J  =  0  I  G  A 

427 

TSPHER=0. 

430 

CO  124  1=1, J 

431 

TSPFER  =  TSPHER  +  A  B  S ( B A (  I )  ) 

432 

124 

CONTINUE 

434 

J  =  B  IGA 

435 

DO  125  1  =  1, J 

436 

SUMBA  =  C. 

437 

CO  126  K=  1,  I 

4  40 

SUMBA  =  SUMBA  ♦  ARS ( BA ( K ) ) 

4  4  1 

126 

CONTINUE 

443 

PSMAL(I)  = ( SUMBA  /  TSPHER)*100. 

444 

125 

CONT INUE 

446 

ANA  =  NA (  l  ) 

447 

BUB  =  ( 2. / ( 3. 14*T*CM*CM) )  *  (ANA/37.5) 

450 

WR I TE ( 6,  10  50  ) 

451 

1050 

FORMAT (  1HL,  6X  ,  21HAIR  CONTENT  ( PE RC E NT )  , 9X »  13HPASTE 

CONTENT , 

2  7  X  *  I7HAGGREGATE  C0NTENT/5X,  1IHIN  CONCRETE,  3X,  8HIN  PASTE »  12X, 
37HPERCENT,  17X,  7HPERCENT ) 

452  WRI TE(6,  1051  )  A  I R , A  I RP  ,  PASTE . AGO 


A16 


10CO3O 
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453 

454 

455 

456 

457 

460 

461 

462 

463 

464 

465 

466 

467 

470 

471 

472 

473 

474 

475 

476 


477 

500 

501 

502 

503 

504 
5C5 
506 

510 

511 

512 

513 
5  14 

516 

517 

520 

521 

522 

524 

525 

526 

530 

531 

532 

537 
540 
54  1 

544 

545 

546 
54  7 


1051  FORMAT ( 1HJ»  6X,  F6.2,  7X,  F6.2,  13X,  F6.2,  18X,  F6.2) 

W  R  l  T  E  (  6  ,  1052  ) 

1052  FORMAT (  IHL,  fX» 16 H SPECIFIC  SURF  AC E  ,  6 X  ,  1  4H  S P AC  I  NG  FACTOR/ 

210X.HHSC  IN/CU  IN,  13X,6HINCHES) 

WR  I  TE I  6,  1053  )  ALPHA, SPACE 

1053  FORMAT (  1HJ,  l  IX, F7.  1  ,  14X,F7.4,0X,  F7.41 
WR  I  TE (  6,  1008 ) 

WR  I  TE I  6,  l G 0 7 ) 

WRITEI6,  1C09IAIRL,  M AX A , M I NA , N CMA , B I G A 
WRITE  (6,1011) 

WRITE  ( 6,  1009)PASTL , MA XP , M I NP , NUMP , B I GP 
WR I TE ( 6, 10 12 ) 

WRITE(6»  1009)  AGL,MAXG, MING, NUMG, BIGG 
WR  I  TE ( 6,  1032 )  T 
WRITE  (6,1200)  TSPHER 
WR  I  TE ( 6,  1057 )  BUB 
WR  I  TE ( 6 ,  1056) 

WRITE(6,500C)  SAMPLE, LINE, DEPTH, FILE, COM 
WRI  TE( 6,  1030) 

1057  FORMAT  (  l HL ,  1  OX , 56H TO T AL  NUMBER  OF  SPHERES  BASED  ON  SMALLEST  CHORD 
2LENGTH  IS,  Fll.l) 

1030  FORMAT (  IHL, 5X, 12HCH0RD- LENGTH, 7X,  9HNUMBE R  OF,  8X,  9HNUMBER  OF, 

27X,  0HDI AMETER, 7X , 7HPERCENT/  6X,  8H I NTERVAL , l 2X , 6HCH0RDS , 1 IX , 7HSPH 
2ERES,7X,  _ 

210H0F  SPHERES, 4X, 12HSMALLER  THAN/6X,  9H(X  0.0001,  9X , 1 IHOBSERVED  I 

2N , 7  X  ,  9HPER  CUBIC, 

26X ,  9HIN  INCHES/7X,  7HINCHES)  ,  1 IX,  8H I NTE RVA L , 1 1 X , 4H I NCH > 

1200  FORMAT ( IHL , 10X, 32HTHE  TOTAL  NUMBER  OF  SPHERES  IS  , Fll.l, 

2  14H  PER  CU.  IN.) 

COROH (  l )  =  10. *CM  _ 

COR  DL (  1 )=  5. *CM 
00  120  1=2,10 
A  =  I 

CORCH(  I  )=A*10.*CM 

COR  CL (  I )  =  ( A*  10.-10.  ) *CM 

120  CONTINUE 

CO  121  1=11,15 

A  =  I 

CORCH(I)  = ( A  *10.+ ( A-10. ) *10. ) *CM 
CORDL(I)  =CORDH ( I )  -  2Q.*CM 

121  CONTINUE 

00  122  1=16,100 
A  =  I 

C  0  R  D  H (  I  ) =  (  (A-13. )*100. )*CM 
COROL(I)  =  CORDH(I)  -100. *CM 

122  CONTINUE 

CO  123  1=1,100 

D  I  A M A (  I  )  =CORDH(  I ) 

123  CONTINUE 

WR  I  TE ( 6,  1007 ) 

J  =  0  IGA 

WRITE(6,  1031  )  (CORDL ( I ) ,CORDH(  I )  ,  NA((),  B A (I  ) , D I  A MA ( I)  ,  PS M AL J  I) , 

2  1=  l,  J  ) 

1031  FORMAT ( 1HJ,2X,F7.4, l H- ,F7.4,7X,I5,9X,F12.1,6X,F9.6,8X,  F6.U 

112  CONTINUE 

IF ( LENG( 2) .LT.40000)  GO  TO  242 
GO  TO  24C 
216  CONTINUE 
CALL  EXIT 
END 


■ 


' 
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CONCRETE  AND  AIR  VOID  CHARACTERISTICS 


B.l  AIR  VOID  AND  CONCRETE 


CHARACTERISTICS  FOR 


INDIVIDUAL  SAMPLES 


R 1 A  l  0  .002  6  8  i 

HIGHWCUC  A  I  1 1  l  G I  RIVER 


B2 


K  E  AIJ  MAR6/66.  SMALL  AREA 


AIR  CONTENT  ( PERCENT  ) 
IN  CCNCRE  ft  IN  PASTE 


4.82 


8.49 


PASTE  CONTENT 
PERCENT 

SI  .  99 


AGGREGATE  CONTENT 
PERCENT 

43.19 


SPECIFIC  SURFACE 
SC  IN/CU  IN 


1413.8 


TCTAL 
LENGTH 

CATA  CN  AIR 

0.  >874 


LARGEST 

CHORC 


SPACING  FACTOR 
INCHES 


0.0046 

smallest 

CHORD 


274 


NUMBER  OF 
CHORDS 


349 


NUMBER  OF 
GROUPS 


16. 


TATA  CN  PASTE 
10.6401  /  6  7 


901 


77. 


CATA  CN  AGGREGATE 
8.8383  1637 


15 


649 


82. 


TCTAL  DISTANCE  TRAVERSED  Vs  A  S 


20.4657 


INCHES 


READ. 


THE  TCTAL  NUMBER  CF  SPHERES  IS 


3280168.0 


PER  CU.  IN 


HI  A  1  0.C0  2  -jin 


H  I  G 1-  V.  C  (.  -  (  AT  Hid 

A  I  v  r  R 

K  E  A  D 

MAK6/66.  SMALL 

AREA  RcAD. 

CHCRU-LENCTH 

INTERVAL 

T  N  C  H  I-  S 

MJRIil:  R  1  T 
CHORDS 

CBS  HR  VI  n  1  \l 

ID  I  ■>.  V  A  L 

NUMBER  GH 
SPHERES 

PER  CUBIC 

INCH 

DIAMETER 

GH  SPHERES 

IN  INCHES 

P l U  C ENT 
SMALLER  ILIAN 

CAT  A  Cl\  AIR 

0.0CC5-  O.OUlO 

3  2. 

-  3  1  L  224 . 6 

0.001000 

9.5 

O.OCIO-  0.0020 

143 

197  1089. 1 

0.002000 

69.6 

0.0C20-  0.0030 

dO 

729154.8 

0.003000 

91 .8 

0.0030-  0.0040 

30 

1  14609. 7 

0.004000 

95 . 3 

0.0C40-  0.0050 

2  2 

61616.2 

0.005000 

97.2 

0.0050-  0.0060 

16 

47445.4 

0.006000 

98.6 

0.0C60-  0.0070 

9 

30643.7 

0.007000 

99.6 

0.0070-  0.C080 

3 

1464.6 

0.008000 

99 . 6 

0 .0080-  0.0090 

3 

7708.3 

0.009000 

99.8 

0.0C90-  0.0100 

1 

-967 . 9 

0.01U000 

99.9 

0.01C0-  0.0120 

3 

1849.9 

0.012,000 

99.9 

0.0120-  0.0140 

2 

1356.6 

0.014000 

100. c 

0.0140-  0.0160 

1 

122.0 

0.016000 

luo.o 

0.0160-  0.0180 

1 

96.4 

0.018000 

100.0 

0.0180-  0.0200 

1 

570.0 

0.020000 

100.0 

0.0200-  0.0300 

2 

249.0 

0.030000 

100.0 

• 

B  1  A  2  0  . 0  ?  M  j  , 

H  IGI  'rtl.lf  A  I  M  t:  I-  K  I  V  !■  u 


B4 


IGHWCCI.)  RIVER  Af  HIGHklVcK 


A  I  l<  CON  1  l-  M  T  (PERCENT) 
IN  C  C  N  C  'U  H  IN  1 1  A  ^  I  ( 


PAST!  CON  T I : N  1 
Pr  I’Ll;  N  T 


AGGREGA  T  F  CON  TENT 
PI  PCI: NT 


A  .  f) 


.62 


t  L  .  M  l 


A  A  .  A  0 


SPECIFIC  S  L  R  F  A  L  L 
SC  IN/LU  IN 


SPACING  PACTNK 
I NCHC S 


1  AGO  .  < 


0.0046 


TCTAL 

LENGTH 


L  A  R  C  H  s  r 
CHORE 


S  y  A 1. 1.  E  S  T 
CHOKE 


NUMBER  GE 
C  FIORDS 


number  of 

GROUPS 


TATA  ON  AIR 


3.6726 


«  A  3 


1  2B6 


22 


TATA  UN  PASTE 


3R.  94  32 


i  2  2  A 


3  5  B  9 


133. 


LATA  ON  AGGREGATE 


3  A  .  0  3  A  2 


•  A  6  C 


2l  13 


1.74 


TCTAL  LIST  AH  C  E  I  R AVERSE  I  HAS 


/  6 . 6  A  9  l 


INCHE  S 


THE  TCTAL  NUMBER  IE  SPHERES  IS 


3  90497  3.6 


PHR  CU.  IN 


B5 


B  L  A  ?  0 . 0  2  H  5  6  9 


H  I  G  H  In  L  (  t 

A  I  high 

R  I  V  l  K 

HIGHWCJtJD  RIVER 

AT  HIGHRIVER. 

C  H  C  R  1 5  - 1  h  N  G  T  E 
IMFHVAL 

I  N  C  H  t  5 

IMU  N  H  t  K  (  1 
CHORUS 
OBSERVED  I 0 

I  N  r  C  R  V  A  L 

M  U  M  B  1-  K  OE 
SPHERE 5 
PGR  CUBIC 
INCH 

13  I  A  ME  TER 

OF  SPHERES 
IN  INCHES 

PERCENT 
SMALLER  THAN 

HAT  A 

cn  air 

0.0005- 

0.0010 

1  7  9 

l  3  5  7,2  J  5 . 6 

1 

0.001000 

34.2 

0.0010- 

0.0020 

4  7  1 

1  7  9  8,2  6  1.6 

0. 002000 

79 . 5 

0.0020- 

0.0030 

24  4 

440  7)  59. 5 

0.003000 

90  .  7 

0 .0030- 

0.C040 

156 

2  3  y 31 .0 

0.004000 

96 . 5 

0.0040- 

0 .0050 

7  4 

74,704  .  7 

0.005000 

98.4 

0.0050- 

0.C060 

4  1 

18,4  79. 2 

0.006000 

98 .9 

0 .0060- 

0.C070 

34 

1  7,9  8  3.4 

0.007000 

99.3 

0.0070- 

0  .  C  0  8  0 

23 

8863.8 

0.008000 

99.6 

0.0080- 

0.0090 

17 

5248. 3 

0.009000 

99. 7 

0 .0090- 

0.0100 

1  3 

6083.3 

0.010000 

99.9 

0.01C0- 

0.0120 

14 

2  7  3  1 .2 

0.012000 

99.9 

0.0120- 

0.0140 

8 

1440.9 

0.014000 

100.0 

0.0140- 

0.0160 

4 

8  6  3.6 

0.016000 

100.0 

0.0160- 

0.0180 

l 

-193.0 

O.OldOOO 

100.0 

0.0180- 

0.0200 

2 

3  70.9 

0.020000 

100.0 

0.02C0- 

0.0300 

2 

19.0 

0.030000 

100.0 

0 .0300- 

0.0400 

2 

4  7.5 

0.040000 

100. 0 

0 .0400- 

0.0500 

0 

-0.0 

0.050000 

100.0 

0.0500- 

0.0600 

0 

-0.0 

0.060000 

100.0 

0.0600- 

0 . 0700 

c 

-o.u 

0.070000 

100.0 

0.0700- 

0.0800 

0 

-9.6 

0.080000 

100.0 

0.08C0- 

0.C900 

1 

9.8 

0.090000 

100.0 

- 


B  1  A 


( 


3  O.OH2 

H  I G  H  w  r  ( 1  D  AT  1 

tun 

1  CI  MV!  l' 

H  I  GHWCOU  AT  HIGH  RIVER. 

AIR  CONTENT 
IN  CONCRETE 

(  P  E  R  C  F  N  T  ) 
IN  PASTE 

PASTE  CONTENT 

P fc R CENT 

AGGREGATE  CONTENT 
PERCENT 

A  .  5  I 

1  1  .  7  3 

35.  n 

59.69 

SPECIFIC  S  L  R  E  A  C ! 

SPACING  E AC  TOR 

SC  IN/Ctl  IN  INCHES 


1  2  1  L  .  J  0.  COA  7 


TOTAL 

LENGTH 

LARCrST  SNA  LIAS 

CHORl  CHORD 

T 

NUN HER  OH 

C HURDS 

NUMBER  OF 
GROUPS 

CAT  A  ON 

A  I  R 

3.5830 

A  5  A 

3 

10  8  5 

18. 

CATA  ON 

PASTE 

28.3265 

753 

5 

3231 

76. 

CATA  ON 

AG  G  R  E  G  A  T  E 

A  7 . 2  A  I  5 

1\3  A  5  7 

6 

2  5  A  2 

673. 

TOTAL  DISTANCE  TRAVERSED  WAS 

o 

CJ3 

S\ 

• 

CT' 

N- 

INCHES 

THE  TOTAL  NUN  PER  UP  SPHERES  IS 


4  3  9-6  2  6  l  .  3 


PEP  CU.  IN 


HI  A 


H  IGEnf 

or  hi  or 

R  I  VI  R 

1  1  .HWCOD  A  1  HIGH 

RIVER. 

CHLKD-1.  TNG1  H 
INTERVAL 

INC*  L N 

IvlORHI  l!  1  1 
c,  h  i..r  n  s 

OB  SLR  VII.;  IN 

1  l\  1  1'  R  V  A 1 

UMBER  (If 
SPHERES 

PER  CUBIC 

I  NIC H 

0  1  AML  TER 

OF  SPHERES 

IN  INCHES 

percent 

SMALLER  THAN 

DATA 

!  N  All' 

0 . 0  f  0  5  - 

0  .  C  0  1  0 

?  c  r 

2 '*6  4  4  00. 4 

i 

0 . 00  1000 

38.9 

0 . OOIO- 

0  .  C  0  2  0 

3  3  4 

1^99^6 f .  1 

0 . 002000 

88 . 7 

0.0020- 

0.C030 

153 

2  30382.2 

0.003000 

94.0 

0 .0030- 

0 .0040 

1  14 

127990. 1 

0.004000 

96 . 9 

0.0040- 

0.C050 

76 

43406.5 

0.005000 

97.9 

0 .0050- 

0. C060 

62 

36240.9 

0.006000 

98.7 

0.0C60- 

0.0070 

44 

31941 .5 

0.007000 

99.5 

0.00  70- 

0.0080 

2  1 

3597.6 

0.008000 

99.6 

0.0080- 

0.C090 

2  0 

11311.0 

0.009000 

99.0 

0.0090- 

0.0100 

9 

l  4  0  5 . 4 

0. 0  1  0000 

99.9 

0.0 1C0- 

0.0120 

l  7 

2813.7 

0.012000 

99.9 

0.0120- 

0.0140 

1  1 

2063.4 

0.014000 

100.0 

0.0140- 

0.0160 

5 

394 . 5 

0.016000 

100.0 

0.0160- 

0.0180 

4 

5  11.4 

0.018000 

100 .0 

0.0180- 

0.0200 

3 

442.2 

0.020000 

100.0 

0.02C0- 

0.0300 

6 

124.2 

0.030000 

100.0 

0.03C0- 

0.0400 

3 

51.1 

0.040000 

100.0 

0.04C0- 
ERROR  CHORD 

0.0500 

13  1 

1 

C 

17.9 

0.050000 

100.0 

ERROR  CHORD  13  0  1146 


, 

B8 


B  l  A  A  0.195 

H  I  GEM  Of  H  I  VLB 


5  m  9 

A  f  I-  ICE  RIVER 


IHfc 


AIK  CONTENT 
I  N  CGNCRFTL 


( PERCENT ) 
IN  BASIL 


BA  STL.  CONTENT 
PERCENT 


A  .  OB 


1  <2  .  'i  fl 


2  8 . 4  2 


SPECIFIC  SURFACE 
SC  IN/CU  IN 


SPACING  FACTOR 
INCHES 


902.0 


0  .0060 


total 

LENGTH 
DATA  CN 
2.7911 

DATA  GN 
19.3960 

CATA  CN 
46.0591 


LARGEST 

CHORD 


6CC 


SMALLEST 
C  F  G  R  ( J 


4 


5 


7 


NUMBER  OF 
CHORDS 


6  30 


1970 


1640 


A  I  R 

PASTE 

653 

AGGREGATE 
8  9  8  7 


TOTAL  DISTANCE  TRAVERSED  kAS  68.2458 


BRIDGE  THAT  FRAYN  BUILT 

AGGREGATE  CONTENT 
PERCENT 

6  7.49 


NUMBER  OF 
GROUPS 

19. 

66. 

430. 

INCHES 


THE  TOTAL  NUMBER  CF  SPHERES  IS 


1082667.2 

i  > 


PER  CU.  IN 


. 


■ 


B9 


B  1  A  A  0 . 1 9  5 

H  I  GHki  C 1 1  K  l  V  E  R 

5  89 

AT  1-  l  G  L  RIVER 

THE 

BRIDGE  THAT  FRAYN 

BUILT 

CHGRC-L  ENGTH 
INTERVAL 

INCHES 

NUMBER  HE 

C HERDS 

C  B  S  E  R  V  E  r  IN 
INTERVAL 

NUMBER  (JE 
SPHERE  s 

PER  CUBIC 
INCH 

DIAMETER 

HE  SPHERES 

IN  INCHES 

PERCENT 
SMALLER  THAN 

CAT  A  CN  AIR 

0.0005-  O.COIO 

2  l 

-275992.0 

0.001000 

25.9 

O.OQLO-  0.0020 

129 

2  6  8  7  9  2 . 3 

0.002000 

50.7 

0.0020-  0.0030 

143 

25  1  L92.8 

0.003000 

73.9 

0.0030-  0.C040 

l  C  6 

l  37.4  7  7.6 

0.004000 

86.6 

0.0040-  0.C050 

70 

77.304 .2 

0.005000 

93 . 7 

0.0C50-  0.0060 

40 

26237.0 

0.006000 

96.2 

0.0C60-  0.0070 

29 

19240.5 

0.007000 

97.9 

0.0070-  0.0080 

18 

7027.3 

0.008000 

98.6 

0.0080-  0. 0090 

14 

1618. 1 

0.009000 

98 . 7 

0.0090-  0.0100 

14 

6117.8 

0.010000 

99 . 3 

0.01C0-  0.0120 

18 

5123.4 

0.012000 

99.8 

0.0120-  0.0140 

7 

957.2 

0.014000 

99.9 

0.0140-  0.0160 

5 

4  57.5 

0.016000 

99.9 

0.0160-  0.0180 

4 

852.4 

0.018000 

100.0 

o 

* 

o 
►— > 

OD 

o 

1 

3 

• 

o 

ro 

o 

l 

-15.7 

0.020000 

100.0 

0.02C0-  0.0300 

7 

208.0 

0.030000 

100.0 

0.03C0-  0.0400 

2 

32.6 

0.040000 

100 .0 

0.04C0-  0.0500 

1 

3 . 8 

0.050000 

100.0 

0.0500-  0.C600 
ERROR  CHORD  15  0 

1 

1295 

17.0 

0.060000 

100.0 

' 


V*1' 


BIO 


B 1  A  9  5  3.020  5 P 9 

BCTIRR  SAMPLE  HIGHWCCD  RIVE! 

'  BRIDGE  AT  HIGH  RIVER  READ  MAR  8/66 

AIR  CONTENT  (PERCENT) 

I  N  CCNCRE IE  IN  PASTE 

paste;  CONTENT  AGGREGATE  CONTENT 

PERCENT  PERCENT 

2  .  5  7  8.22 

2  8.69  68.74 

SPECIFIC  SURFACE 

SC  IN/CU  IN 

SPACING  FACTOR 

INCHES 

L i 35 .9 

0.0059 

TCTAL  LARGEST 

LENGTH  chord 

SMALLEST  NUMBER  UF  NUMBER  OF 

CHORD  CHORDS  GROUPS 

RATA  ON  AIR 


2.5072  422 

4  712  18. 

CAT  A  ON  PASTE! 


27.9016  1548 

5  2220  155. 

CATA  CN  AGGREGATE 


67.0455  9 fc  5  5 

7  1675  483. 

TOTAL  CISTANCE  TRAVERSED  CAS  97.5377  INCHES 

THE  TOTAL  NUMBER  OF  SPHERES  IS  123>6388.9  PER  CU.  IN. 

y 


B 1 1 


B 1 A  99  3.820  589 


HCTTCN  SAMPLE  HIGHWOUL 

RIVtR  BRIDGE 

AT 

HIGH  RIVER  READ 

MAR  8/66 

CFCRB-LENGTH 

NUMBER  CF 

NUMBER  OF 

DIAMETER 

PERCENT 

INTERVAL 

INCHES 

CATA  CN  AIR 

CHORDS 
OBSERVED  IN 

INTERVAL 

SPHERES 
PER  CUBIC 
INCH 

OF  SPHERES 

IN  INCHES 

SMALLER  THAN 

0*0005-  0.C0I0 

71 

126251.0 

0.001000 

10.2 

0.0010-  0.C020 

255 

786238.9 

0.002000 

73.8 

0.0020-  0 . 0030 

124 

144,784 .4 

0.003000 

85.5 

0.0030-  0.0040 

9  6 

l  2  2;5  1  9 . 4 

0.004000 

95.4 

0.0040-  0.0050 

39 

17443.9 

0.005000 

96.8 

0.0050-  0.0060 

3  3 

251,16. 2 

0.006000 

98.9 

0.0060-  0.0070 

14 

,10  04.6 

0.007000 

98.9 

0.0070-  0.0080 

15 

4609.6 

0.008000 

99.3 

0.0000-  0.0090 

1  1 

1577.0 

; 

0.009000 

99.4 

0.0090-  O.OLOO 

10 

3608.8 

0.010000 

99 . 7 

O.OICO-  0.0120 

1  1 

1004.6 

0.012000 

99.8 

0.0120-  0.0140 

9 

519.  1 

0.014000 

99.9 

0.0140-  0.0160 

8 

589.0 

0.016000 

99.9 

0.0160-  0.0180 

6 

636.8 

0.018000 

100.0 

0.0180-  0.0200 

3 

4  11.1 

0.020000 

100.0 

0.02C0-  0.0300 

4 

67.2 

0.030000 

100.0 

0.03C0-  0.0400 

2 

22.8 

0.040000 

100.0 

0.04C0-  0.0500 

l 

14.5 

0.050000 

100.0 

B12 


B2C  1  0.012*  5  8  9 

TCP  SURFACE.  HIGH  AIR  C  f  NT  (-  N  T  .  SUM-.  SCRLtO  MARKS  LEFT.  HIGHWOOD  AT  HIGH  RIVER. 


AIR  CONTENT  (PERCENT)  PASTE  CONTENT  AGGREGATE  CONTENT 

INCCNCRFTE  INPASTE  PERCENT  PERCENT 

10.30  20.  A  9  3  9.9 7  4  9.73 


SPECIFIC  SURFACE 

SC  I N /CU  IN 

SPACING  FACTOR 

INCHE S 

1  363 . 5 

0  .  C  0  2  8 

TCTAL 

LENGTH 

LARGEST 

CHORD 

smallest 

CHORD 

NUMBER  OF 
CHORUS 

NUMBER  OF 

GROUPS 

CAT  A  ON 

AIR 

7.8709 

5  73 

2 

2683 

19. 

DATA  CN 

PASTE 

30.5357 

546 

2 

4619 

55. 

CATA  CN 

AGGREGATE 

37.9964 

-3923 

7 

2618 

197. 

TCTAL  DISTANCE  TRAVERSED  UAS 

76.4018 

INCHES 

THE  TOTAL  NUMBER  CF  SPHERES  IS 


5  7 &0  L  76 . 7 


PER  CU.  IN 


B13 


132  C  1  0.0  12  6  8  9 

TCP  SURFACE.  H I  GF  A  [  P  CONTENT.  SllME  SCREED  MARKS  LEFT.  HIGHWOOD  AT  HIGH  RIVER. 


CFCRD-LL NGT  F 

I  M  E  R  V  A  L 

INCHES 

MUM  HER  CF 

C FOR  PS 

C  8  S  E  R  V  E  0  I  N 
INTERVAL 

NUMBER  GE 
SPHERES 

PER  CUBIC 
INCH 

DIAMETER 

CF  SPHERES 

IN  INCHES 

PERCENT 
SMALLER  THAN 

DATA  CM  AIR 

0.0CC5-  0.0010 

2  6  0 

6  0  5,8  0  3.8 

0.001000 

10.5 

0.0010-  0.0020 

9  1  l 

3,283,568 . 1 

0.002000 

6  7.3 

0.0020-  0.C030 

8  6  7 

1,080,919.2 

0.003000 

86.0 

0 .0030-  0.0040 

340 

405906.5 

0.004000 

93.0 

0.0040-  0.C050 

2  18 

2  00,7  55. 7 

0.005000 

96.5 

0.0050-  0.C060 

134 

97942. 2 

0.006000 

98.2 

0.0060-  0.C070 

H  2 

64043. 3 

0.007000 

99 . 3 

0.0070-  O.COBO 

3  7 

8,7 b  1 . 8 

0.008000 

99.4 

0.0080-  0.0090 

33 

8672.3 

0.00 9 COO 

99.6 

0.0090-  0.0100 

2  7 

14978.2 

0.010000 

99.8 

O.OICO-  0.0120 

23 

5829.9 

0.012000 

99.9 

0.0120-  0.0140 

9 

940.6 

0.014000 

100. 0 

0.0140-  0.0160 

7 

719.2 

0.016000 

100.0 

0.0160-  0.0180 

5 

348.4 

o.oiaoco 

100.0 

0.0180-  0.0200 

4 

7  10.8 

0.020000 

100.0 

0.02C0-  0.0300 

5 

166. 7 

0.030000 

100.0 

0.03CO-  0.0400 

r\ 

It 

-0.0 

0.040000 

100.0 

0 . 0400—  0.0600 

0 

-18.2 

0.050000 

100. 0 

0.05C0-  0.0600 

1 

’5.2 

0.060000 

100.0 

B 1 4 


B2C 


2  G .037  5  8  9 

HTGHM  OG  AT  0 l GO  R  IVOR 


H I GH WOOD  RIVER  AT  HIGH  RIVER. 


AIR  CEMENT  (PERCENT) 
IN  CONCRETE  IN  PASTE 


PASTE  CONTENT 
PERCENT 


AGGREGATE  CONTENT 
PERCENT 


L0.23 


L  9 . 9  5 


4  1.04 


4  8.74 


SPECIFIC  SURFACE 
SC  IN/CU  IN 


SPACING  FACTOR 
INCHES 


l LSI  .4 


0.0035 


TOTAL 

LENGTH 


LARGEST 

CHORC 


SMALLEST 

CHORD 


NUMBER  OF 
CHORDS 


NUMBER  OF 
GROUPS 


DATA  ON  AIR 


7 . 9o  6 1 


38  9 


2293 


17. 


DATA  ON  PASTE 


31.9707 


9  4  C 


4043 


95. 


CATA  CN  AGGREGATE 


37.9667 


4  6  74 


2282 


234 


TOTAL  DISTANCE  TRAVERSED  kAS 


77.9023 


INCHES 


THE  TOTAL  NUMBER  CF  SPHERES  IS  3^29-3^92.3  PER  CU.  IN. 


0  2  C 


B1 5 


2  0.037  5  H  9 

H  I  GHWf.UO  AT  t-  I  OH  RIVER 


HIGHWUOD  RIVFR  AT  HIGH  RIVER. 


CFCRC-LENGTH 

NUMBER  EE 

NUMBER  OF 

DIAMETER. 

PERCENT  " 

INTERVAL 

I  N  C  H  E  S 

OAT  A  CN  AIR 

C  E  C  R  n  S 

C  B  S  F  R  V  E  D  IN 
INTERVAL 

SPHERES 

PER  CUBIC 
INCH 

OF  SPHERES 

IN  INCHES 

SMALLER  THAN 

0.0005-  0.0010 

150 

-10901.6 

0.001000 

0.3 

0.0010-  0.0020 

602 

1,636,324.9 

0.002000 

5t) .  0 

0.0020-  0.C030 

5C3 

771,363.6 

0  i  003000 

73.4 

0.0030-  0.C04O 

3  74 

4  4  8,521.5 

0.004000 

87.0 

0.0040-  0.0050 

234 

2  0  3,6  6  1  .  1 

0.005000 

93.2 

0.0050-  0.0060 

149 

127159.5 

0.006000 

97.1 

0.0060-  0.0070 

75 

28,931 . 1 

0.007000 

98.0 

0.0070-  0.C080 

60 

26,933.3 

0.008000 

98.8 

0.0080-  0.0090 

40 

16,099.2 

0.009000 

99.3 

0.0090-  0.0100 

26 

8254.4 

\ 

0.010000 

99.5 

0.01C0-  0.0120 

38 

6,5  75. 2 

0.012000 

99.7 

0.0120-  0.0140 

24 

6,4  57. 1 

0.014000 

99.9 

0.0140-  0.0160 

4 

609.2 

0.016000 

99.9 

0.0160-  0.0180 

2 

-810.0 

0.018000 

100.0 

0.0180-  0.0200 

6 

1192.9 

0.020000 

100.0 

0.0200-  0.0300 

3 

28.0 

0.030000 

100.0 

0.03C0-  0.0400 

3 

70.1 

0.040000 

100.0 

/ 

B 1 6 

B2C  3  0.082  880 

HIGFWCCD  RIVFR  BRIDGE  AT  HIGH  RIVER  READ  BY  GLENN  SMITH  GREEN  CARDS 


air  content 
IN  CONCRETE 


( PERCENT ) 
IN  PASTE 


PASTE  CONTENT 
PERCENT 


AGGREGATE  CONTENT 
PERCENT 


10.86 


2  2.  I  A 


37.18 


52.29 


SPECIFIC  SURFACE 
SC  IN/CU  IN 

1  103.6 

TOTAL  LARGEST 

LENGTH  CHORD 

DATA  CN  AIR 

7.56B1  481 


SPACING  FACTOR 

INCHE  S 

0.0032 

SMALLEST 

CHORD 

NUMBER  OF 
CHORDS 

NUMBER  OF 
GROUPS 

3 

2088 

18. 

DATA  CN  PASTE 

26.6090  756  2  3801  76. 


DATA  CN  AGGREGATE 

37.45  80  5  6  7  C  7  2268  284. 


TOTAL  DISTANCE  TRAVERSED  WAS  71.6341  INCHES 


THE  TOTAL  NUMBER  CF  SPHERES  IS 


47  4*2  193.6 


PER  CU.  IN 


B 1 7 


B2C  1  (J  .082  5  8  9 


H  IGF WELD  R  I  V  E  R  B R  IC G  E 

AT  HIGH  RIVER 

READ 

BY  GLENN  SMITH 

GREEN  CARDS 

CHORD -LENGTH 

i  ntervai 

INCHES 

NUMBER  GE 
CHORDS 
OBSERVED  IN 
interval 

NUMBER  OF 
SPHERES 

PER  CUBIC 

INCH 

DIAMETER 

OF  SPHERES 

IN  INCHES 

PERCENT*1 
SMALLER  THAN 

CATA  ON  AIR 

0.0C05-  0.C010 

2C0 

1440441.5 

0.001000 

30.4 

0.0010-  0.0020 

557 

1875537.7 

0.002000 

69.9 

0.0020-  0.0030 

4C  l 

669157.5 

0.003000 

84.0 

0.0030-  0.0040 

298 

338163.6 

0.004000 

91.2 

0.0040-  0 . 0050 

212 

211961.7 

0.005000 

95.6 

0.005C-  0.0060 

128 

115280.1 

0.006000 

98.1 

0.0060-  0.0070 

6  7 

18148.0 

0.007000 

98.5 

0.0070-  0.0030 

62 

30615.0 

0.008000 

99. 1 

0.0080-  0.0090 

4  l 

19490.0 

0.009000 

99.5 

0.0090-  0.0100 

25 

10869.9 

0.010000 

99.7 

0.0100-  0.0120 

31 

5347.4 

0.012000 

99.8 

0.0120-  0.0140 

2  l 

3625.0 

0.014000 

99.9 

0.0140-  0.0160 

12 

1203.0 

0.016000 

100. 0 

0.0160-  0.0180 

9 

13.8 

0.018000 

100.0 

0.0180-  0.0200 

10 

2090.9 

0.020000 

100.0 

0.02C0-  0.0300 

7 

96.5 

0.030000 

100.0 

0.03C0-  0.0400 

6 

132.7 

0.040000 

100.0 

0.04C0-  0.0500 

l 

19.8 

0.050000 

100.0 

1 

B2C 


4  0.175  5  8  9 

HIGF'nGCD  AT  HIGE  RIVER 


HIGHWOOD  R I  V  E  R  AT  HIGH  RIVER. 


A  I R  CONTENT  ( PERCENT  ) 
IN  CCNCKC  TE  IN  PASTE 


PAST!-  CONTENT 
PERCENT 


AGGREGATE'  CONTENT 
PERCENT 


10.64 


33.4  1 


5  5.95 


SPECIE IC  SURFACE 
SC  IN/CIJ  IN 


SPACING  FACTOR 
INCFF  S 


9  3  3.4 


0.0034 


TOTAL 

LENGTH 


LARGEST 

CHORD 


SMALLEST 

CHORD 


NUMBER  OE 
CHORDS 


NUMBER  OF 
GROUPS 


DATA  CN  AIR 


7.2597 


74  1 


1694 


21 


DATA  CN  PASTE 


22.7992 


823 


3  C  70 


83 


DATA  ON  AGGREGATE 


38. 1756 


7301 


1918 


366. 


TOTAL  DISTANCE  TRAVERSED  hAS 


68.2337 


INCHES 


THE  TOTAL  NUMBER  OF  SPHERES  IS 


2  5 1,4 1 7  3 . 8 


PER  CU.  IN 


B19 


B2C  4  0.175  589 

FIGFWCCC  A 1  HIGH  RIVER  HIGHWCUD  RIVER  AT  HIGH  RIVER. 


CHCRC-LENGTH 

INTERVAL 

INCHES 

NUMBER  EE 

CHORDS 

OBSERVED  IN 
INTERVAL 

NUMBER  OF 
SPHERES 

PER  CUBIC 
INCH 

DIAMETER 

UF  SPHERES 

IN  INCHES 

PERCENT 
SMALLER  THAN 

CATA  CN  AIR 

0.0005-  0.0010 

1C1 

130,6  86. 1 

0.001000 

5.2 

0.0010-  0.0020 

383 

1046,733.0 

0.002000 

46.8 

0.0020-  0.C030 

358 

672,633. 1 

0.003000 

73.6 

0.0030-  0 . 0040 

249 

307,304.8 

0.004000 

85.8 

0.0040-  0.0050 

172 

148035.4 

0.005000 

91.7 

0.0050-  0.0060 

123 

86688.8 

0.006000 

95.1 _ 

0.0060-  0.C070 

85 

61082.6 

0.007000 

97.6 

0.0070-  0.0080 

49 

18156.9 

0.008000 

98.3 

0.0080-  0.0090 

39 

20230.0 

0.009000 

99.1 

0.0090-  0.0100 

23 

8173.5 

0.010000 

99.4 

0.0100-  0.0120 

34 

5450.7 

0.012000 

99.6 

0.0120-  0.0140 

25 

4619.5 

0.014000 

99.8 

0.0140-  0.0160 

14 

2434.3 

0.016000 

99.9 

0.0160-  0.0180 

7 

939.3 

0.018000 

100. 0 

0.0180-  0.0200 

4 

310.5 

0.020000 

100.0 

0.02C0-  0.0300 

18 

592.1 

0.030000 

100.0 

0.0300-  0.0400 

3 

17.8 

0.040000 

100.0 

0 . 0400—  0.0500 

3 

45.3 

0.050000 

100.0 

0.05C0-  0 . 0600 

1 

-11.7 

0.060000 

100.0 

0.0600-  0.0700 

2 

16.3 

0.07C000 

100.0 

0.0700-  0 . 0800 

1 

12.4 

0.080000 

100.0 

i 


' 

) 


B20 

B2C  5  0  .  A 0 6  5  89 

HIGFWCCD  RIVER  BRIDGE  AT  HIGH  RIVER  READ  BY  GLENN  SMITH  YELLOW  CARDS 


AIR  CONTENT 
IN  CONCRETE 


( PERCEN  T  ) 
IN  PASTE 


PASTE  CONTENT 
PERCENT 


AGGREGATE  CONTENT 
PERCENT 


10.20 


26 .84 


27.80 


62.00 


SPECIFIC  SURFACE 

SC  IN/CU  IN 

SPACING  FACTOR 

INCHES 

8  32  .  1 

0.0033 

TOTAL 

LENGTH 

LARGEST 

CHORC 

SMALLEST 

CHORD 

NUMBER  OF 
CHORDS 

NUMBER  OF 
GROUPS 

CATA  ON 

AIR 

9.5853 

553 

5 

1994 

19. 

CATA  ON 

PASTE 

26. 1328 

736 

A 

3  648 

74. 

CATA  ON 

AGGREGATE 

58.2827 

10706 

1 

2446 

536. 

TOTAL  DISTANCE  TRAVERSED  WAS 

93.9996 

INCHES 

THE  TOTAL  NUMBER  OF  SPHERES  IS  245-7433.2  PER  CU.  IN. 

/  ' 


B21 


B2C  5  0.406  589 

FIGEVyCCD  RIVER  BRIDGE  AT  HIGH  RIVER  REAL)  BY  GLENN  SMITH  YELLOW  CARDS 


CHCRC-LtNGTF 

NUMBER  CF 

NUMBER  CF 

DIAMETER 

PERCENT 

I NTERVAL 

CHORDS 

SPHERES 

OF  SPHERES 

SMALLER  THAN 

CU5ERVCD  IN 

PER  CUBIC 

IN  INCHES 

INCHES 

INTERVAL 

INCH 

C  A  T  A  CN  AIR 

O.OC05-  O.GOIO 

45 

-8  22,156.0 

0.001000 

33.5 

O.OCIO-  0.C020 

362 

4  5  3,5  4  1 . 0 

0.002000 

61.9 

0.0C20-  0.C030 

436 

540663.3 

2  62,651 . 1 

0.003000 

74.2 

0.0030-  0.C040 

327 

0.004000 

84.9 

0.0040-  0.C050 

246 

18  3, 157. 6 

0.005000 

92.4 

0.0050-  O.C060 

152 

67381.0 

0.006000 

95.1 

0.0C60-  0.C070 

115 

68,385.6 

0.007000 

97.9 

0.0070-  0.C080 

57 

1  7,2  1  9 . 0 

0.008000 

98.6 

,_..O.OC0O-  0.C090 

4  3  . 

10,027.7 

0,009000 

99.0 

0.0090-  0.0100 

34 

8236.0 

} 

0.010000 

99.3 

.  O.OICO-  0.0120 

52 

7,155. 1 

0.012000 

99.6 

0.0120-  0.0140 

34 

4117.7 

0.014000 

99.8 

0.0140-  0.0160 

21 

1155.9 

0.016000 

99.9 

0.0160-  0.0180 

10 

1804.1 

0.018000 

99.9 

0.0180-  0.0200 

10 

o 

CD 

• 

0.020000 

100. 0 

0 .0200-  0.0300 

26 

569.2 

0.030000 

100. 0 

0.03C0-  0.0400 

7 

30.1 

0.040000 

100.0 

0.04C0-  0.0500 

7 

80.8 

0.050000 

100.0 

0 .0500-  0.C600 

2 

24.6 

0.060000 

100.0 

/ 


1 

B22 


B2C 


99  4.120 

589 

BOTTOM  SAMPLE 

H I GH WOOD  RIVER 

BRIDGE  AT  HIGH  RIVET 

AIR  CONFENT 

(PERCENT) 

PASTE  CONTENT 

AGGREGATE 

CONTENT 

IN  CONCRETE 

IN  PASTE 

PERCENT 

PERCENT 

3.70 

13.35 

23.99 

72. 

32 

SPECIFIC  SURFACE 

SPACING  FACTOR 

SC  IN/CU 

IN 

INCHES 

1077  . 

5 

0.0048 

TOTAL 

LARGEST 

SMALLEST  NUMBER  OF 

NUMBER  OF 

LENGTH 

CHORD 

CHORD  CHORDS 

GROUPS 

DATA  ON  AIR 

3.7310 

719 

2  1005 

21. 

DATA  ON  PASTE 

24.2147 

944 

5  2790 

95. 

DATA  ON  AGGREGATE 

72.9985 

11335 

9  1951 

567. 

■ 

TOTAL  DISTANCE  TRAVERSED  WAS  100.9433 

INCHES 

THE  TOTAL  NUMBER  CF  SPHERES  IS  1963,517.2  PER  CU.  IN. 


. 


' 


/ 


B23 


B2C  99  4  .  120  589 

ECTTGM  SAMPLE  H I  GHWfJOU  RIVER  BRIDGE 


CFCRD-LENG  TH 
INTERVAL 

INCHES 

NUMBER  CF 
CHORDS 
OBSERVED  IN 
INTERVAL 

NUMBER  OH 
SPHERES 

PER  CUBIC 
INCH 

DIAMETER 

OF  SPHERES 
IN  INCHES 

PERCENT 
SMALLER  THAN 

DATA  CN  AIR 

0.0005-  0.0010 

l  17 

6  4  3£  10. 5 

0.001000 

32.7 

O.OCLO-  0 . 0020 

3  15 

779904.6 

0.002000 

72 . 3 

0 .0020-  0.C030 

2  16 

343,259.0 

0.003000 

89 . 7 

0.0C30-  0.C040 

112 

102,360. 7 

0.004000 

94.9 

0.0040-  0.C050 

71 

4  9  C  7  7  .  1 

0.005000 

97.4 

0.C050-  0.0060 

4  4 

2  3,2  90 . 1 

0.006000 

98.6 

0.0060-  0.C070 

28 

1C  354 .7 
> 

0.007000 

99 . 1 

0.0070-  O.COBO 

20 

4 ,9  4  8 . 9 

0. 008 OCO 

99.4 

0.0080-  0.0000 

16 

6563.9 

0.009000 

99.7 

0.0090-  0.0100 

8 

1871.8 

> 

0.010000 

99.0 

O.OICO-  0.0120 

12 

1,2  5  7 . 6 

0.012000 

99.8 

0.0120-  0.0140 

9 

-339.0 

0.014000 

_ 99 . 9 _ 

0.0140-  0.0160 

12 

2152.8 

0.016000 

100.0 

0.0160-  0.0180 

2 

39. 1 

0.018000 

100.0 

0.0180-  0.0200 

2 

-46.5 

0.020000 

100.0 

0.02CO-  0.0300 

15 

360.  p 

0.030000 

100.0 

0.03C0-  0.0400 

l 

-  L 0.0 

0.040000 

100. 0 

0.04C0-  0.0800 

2 

1 6 . 6 

0.050000 

100.0 

0.05C0-  0.0600 

1 

11.5 

0.060000 

100.0 

0.06C0-  0.0700 

0 

-16.8 

0.0  7COOO 

100.0 

0.O7C0-  0.0000 

2 

16.8 

0.08U000 

100.0 

F1A  1  0.015  75644  5590 

MORN  I NGS I DE  I  NT E R CHANGE »***««#***** * 


B24 

SURFACE  READ  ON  MAR  15/66 


TOTAL 

LENGTH 

LARGEST 

CHORD 

SMALLEST 

CHORD 

NUMBER  OF 
CHORDS 

NUMBER  OF 
GROUPS 

DATA  ON 

AIR 

3.6273 

383 

3 

1  147 

39. 

DATA  ON 

PASTE 

26.9671 

1502 

3 

26  7  7 

151  . 

DATA  ON 

AGGREGATE 

32.6097 

3065 

9 

l  766 

154. 

TOTAL  DISTANCE  TRAVERSED  WAS  63.2038  INCHES 


AIR  CONTENT  {PERCENT) 
IN  CONCRETE  IN  PASTE 

5.74  11.86 


PASTE  CONTENT 
PERCENT 


fs 

42.67 


AGGREGATE  CONTENT 
PER^NT 

51.59 


SPECIFIC  SURFACE  SPACING  FACTOR 

SQ  IN/CU  IN  INCHES 


1264.9 


0.00438 


F1A  1  0.015  75644 

MCRMNGSICE  INTERCHANGE  MURNINGSIUE  INTERCHANGE***********' 


CHCRD-LENGTH 

I  NTERVAL 

INCHES 

NUMBER  OF 
CHORUS 
OBSERVED  IN 
INTERVAL 

NUMBER  OF 
SPHERES 

PER  CUBIC 
INCH 

0 I  A METER 

OF  SPHERES 

IN  INCHES 

PERCENT 
SMALLER  THAN 

CATA  LN  AIR 

0.0C05-  0.C010 

114 

2596944.5 

0.001000 

20.6 

0.0010-  0.C020 

362 

5807,209.9 

0.002000 

66.6 

0.0020-  0.0030 

253 

2, 394082 .8 

0.003000 

85,5 

0.0030-  0.0040 

152 

961685.1 

0.004000 

93.1 

0.0040-  0 .0050 

91 

416080.4 

0.005000 

96 . 4 

0.0050-  0.C060 

56 

224300.9 

0.006000 

98.2 

0 .0060-  0.C070 

31 

48453.6 

0.00  EOOC 

98.6 

0.0070-  0.C080 

27 

66305.0 

0.008000 

99.1 

0.0080-  O.C090 

17 

56708.2 

0.009000 

99.6 

0.0090-  0.0100 

6 

-7732.9 

0.010000 

99.6 

O.OICO-  0.0120 

18 

25936.6 

0.012000 

99.8 

0.0120-  0.0140 

5 

6588.0 

0.014000 

99.9 

0.0140-  0.0160 

l 

-5931.7 

0.016000 

99.9 

0.0160-  0.0180 

6 

4041.4 

0.018000 

100.0 

0.0180-  0.0200 

3 

27  74 . 3 

0.020000 

100.0 

0.02C0-  0.0300 

3 

260.5 

0.030000 

100.0 

0.03C0-  0.0400 

2 

236.8 

0.040000 

100.0 

i 

FLA 


9  9-0.  COO  -l, 

PCTTCN  SAMPLE  M  L  R  N  I  N  G  S I  ( '  I 

IN  It RCHANGfc 

»Kfl«**B«*ft«tt*«*»B*«#B»»***#»*#** 

AIR  CONTENT 

(PERCENT  ) 

PASTE  CONTENT 

AGGREGATE  CONTENT 

IN  CONCRETE 

IN  PAS  I  E 

PERCENT 

PERCENT 

6.12 

17.76 

2  8.32 

66.67 

SPtCIFIC  SURFACE 
SC  IN/CU  IN 


SPACING  FACTOR 
INCHES 


606  .  I 


C -  0  07  A 


TCTAL 

LENGTH 


LARGEST 

CHORD 


smallest 

CHORD 


NUMBER  OF 
CHORDS 


NUMBER  OF 
GROUPS 


CATA  ON  AIR 


3. 92C0 


e«2 


so? 


?? . 


CATA  ON  PASTE 


18.1518 


9  56 


1  7  0  6 


96. 


Lai  a  :;n  a c g h i  c, a t 


6  2.031 


V,'i 


TCTAL  C  I  S  T  A  N  C  i\  iRAviR^H  V<  A  .3  <>6.l'  '  iO-HLi 


THE  TOTAL  NUMBER  OF  SPHERES  IS 


1  693668 . 0 
'  ) 


PER  C U .  IN 


B2? 


F 1 A  99-0. COO  -C 

8CTTLM  SAMPLE  MCKMNGSIDF  INTERCHANGE 


B**#**e»tt« *  »  *  » 


CHCRC-LENCTH 

INTERVAI 

INCHES 

NUMBER  OF 

C FOR OS 
OBSERVED  IN 
INTERVAL 

NUMBER  UF 
SPHERES 

PER  CUBIC 
INCH 

DIAMETER 

OF  SPHERES 

IN  INCHES 

PERCENT 
SMALLER  THAN 

PATA  GN  AIR 

Q.0CC5-  0.C010 

5 

- 7  2  86  62 .5 

0.001000 

45.7 

O.OOIC-  0.C020 

1  10 

3  64  3  3  1 . 2 

0.002000 

68.6 

0.0C20-  0 . CO 30 

125 

252666. 1 

0.003000 

84.4 

0.0030-  0.C040 

06 

107249.0 

\ 

0.004000 

91.2 

0.004  0-  0.CG50 

62 

71862.6 

i 

0.005000 

95.7 

0.0050-  0.C060 

36 

28349. 7 

r 

0.006000 

97.5 

0 .0060-  0.C070 

24 

14165.6 

i 

0.007000 

98.4 

0.0070-  0.C080 

17 

12C01 . 5 
! 

0.008000 

99.1 

0.0080-  0.C090 

9 

1107.5 

0.009000 

99,2 

0.0090-  O.OLOO 

9 

1735.3 

0.010000 

99.3 

0.01C0-  0.0120 

17 

1945.6 

0.012000 

99.4 

0.0120-  0.0140 

15 

4076. 4 

0.014000 

99.7 

0.0140-  0.0160 

5 

-1850.9 

0.016000 

99.8 

0.0160-  0.0180 

12 

2461.0 

0.018000 

99.9 

0.0180-  0.0200 

4 

4  10.0 

0.020000 

100.0 

0.02C0-  0.0300 

16 

380.4 

0.030000 

100.0 

0 .0300-  0.0400 

9 

233.4 

0.040000 

100.0 

0.04C0-  0.0500 

1 

4.0 

0.050000 

100.0 

0 . 0500-  0.0600 

1 

-12.5 

0.060000 

100.0 

0.06C0-  0.0700 

2 

-9.2 

0.070000 

100.0 

0.07C0-  0.0800 

0 . 0  80  0—  0.0900 
ERROR  CFCKO  15  1 
ERROR  CHCRP  15  2 

3 

-7.0 

0.080000 

100.0 

4 

C 

c 

4b. 8 

0.09C000 

100.0 

B28 


GIB  9  9  4.  300  /5754 

GRACE  SEPARATION  S.to.  PGNCKA  WATER  VOIDS  AND  BLEED  CHANNELS  LARGE  All 


AIR  CON  TENT  (PERCENT) 
IN  CCNCRE  r  E  IN  PASTE 


PASTE  CONTENT 
PERCENT 


AGGREGATE  CONTENT 
PERCENT 


4 . 89 


15.64 


26. 3  5 


68.76 


SPECIFIC  SURFACE  SPACING  FACTOR 

SG  IN/CU  IN  INCHES 


1 93.5 

0.0060 

TOTAL 

LARGEST 

SMALLEST 

NUMBER  OF 

LENGTH 

CHCRC 

CHORD 

CHORDS 

DATA  ON 

A  I  R 

5.1466 

755 

4 

1021 

DATA  ON 

PASTE 

27.7629 

1  172 

4 

28  13 

DATA  ON 

AGGREGATE 

72.4401 

11859 

9 

2  100 

NUMBER  OF 
GROUPS 


21. 


118. 


593. 


TOTAL  DISTANCE  TRAVERSED  WAS  105.3485  INCHES 


THE  TOTAL  NUMBER  OF  SPHERES  IS 


9  9<E>  756.9 


PER  CU.  IN 


■ 


GIB  9  9  4.300  /  9  /  V, 


GRACE  SEPARA1  ION  S  .w  . 

PONCK A 

WAFER 

VOIDS  AMD  BL 

E ED  CHANNELS  LARGE 

CFCRD-LEN’GTH 

UTERVAL 

INCHES 

NUMBER  OF 
CHORDS 
OBSERVED  IN 

I  N  1  L  R  V  A  L 

NUMBER  Of 
SPHERE  S 

PER  CUE!  I C 

1  NCH 

D 1  ARETE R 

OF  SPHERES 
IN  INCHES 

PERCENT 
SMALLER  THAN 

CAT  A  ON  AIR 

0.0005-  0.0010 

5  2 

-76,58  3.  3 

0.001000 

7  .  I 

0.0010-  0.C020 

227 

4  89,327.2 

0.002000 

56.8  . 

0.0020-  0.0030 

176 

l  33,704 . 1 

0.003000 

70 . 3 

0.0030-  0.0040 

169 

128,022.8 

0.004000 

83.1 

0.0040-  0.0050 

122 

79,270.5 

0.005000 

91 . 1 

0.0050-  0.C060 

77 

40,927. 1 

0.006000 

95.2 

0 . 0060-  0.C070 

47 

24370.2 

1 

0.0C7000 

97.6 

0.0070-  0.0080 

24 

7255.3 

0.008000 

98.4 

0.0080-  0.0090 

17 

-1,909. 3 

0.009000 

98.6 

0.0090-  0.0100 

22 

6,856.  L 

0.010000 

99.2 

0.01C0-  0.0120 

26 

5517.6 

t 

0.012000 

99.8 

0.0120-  0.0140 

7 

-186.0 

0.014000 

99.8 

0.0140-  0.0160 

9 

391.2 

0.016000 

99.9 

0.0160-  0.0180 

8 

945.3 

0.018000 

100.0 

0.0180-  0.0200 

3 

187.1 

0.020000 

100.0 

0.02C0-  0.0300 

12 

82.9 

0.030000 

100.0 

0.03CC-  0.0400 

12 

113.2 

0.040000 

100.0 

0 . 0400-  0.0500 

7 

83. 1 

0.050000 

100.0 

0.0500-  0.0600 

1 

1  .  7 

0.060000 

100.0 

0.06C0-  0.0700 

1 

-6.8 

0.070000 

100.0 

0.0700-  0.0800 

2 

16. 1 

0.080000 

100.0 

ERROR  CPGRC  15  1  5896 
ERROR  CHORE  15  1  3312 
ERROR  CHCRC  15  0  1C2C 


J'SO 


PC7  33-0. COC  -C 

PC  A  SAMPLE  PR-7.  SIOPS  A  AND  B  ROAD. 


TwELVb  PASSES  MADE  ON  EACH  SIDE 


AIR  CUNTtNT  (PERCENT) 
IN  CONCRETE  IN  PASTE 


PASTE  CONTENT 
PERCENT 


AGGREGATE  CONTENT 
PERCENT 


A  .23 


1  A  .02 


2  5.91 


69.86 


SPECIFIC  SLREACE 
SC  IN/CU  IN 


SPACING  FACTOR 
INCHES 


9 SO  .  2 


TCTAl 

LENGTH 


LARGEST 

CHORD 


0.CC53 

SMALLEST 

CHORD 


NUMBER  OF 
CHORDS 


NUMBER  OF 
GROUPS 


DATA  CN  AIR 


5.1315 


876 


1219 


22  . 


DATA  CN  PASTE 


3  1 .  A  6  5  1 


1563 


3  9  33 


157. 


DATA  ON  AGGREGATE 
8A.8292  6917 


2926 


3A6, 


TCTAL  DISTANCE  TRAVERSED  h  A  5 


121  .A2AA 


INCHES 


THE  TOTAL  NUNEER  (F  SPHERES  IS  A6AA102.8  PER  CU.  IN, 

\  f  / 


PC  7  33-0  . COO  -0 


PCA  SAMPLE  PR-7. 

SICES  A  ANC 

H  READ.  TWELVE 

PASSES  MADE 

ON  EACH  SIDE. 

CHCRD- 

LENGTH 

NUMBER  CF 

NUMBER  OF 

DIAMETER 

PERCENT 

INTERVAL 

CHORDS 

SPHERES 

OF  SPHERES 

SMALLER  THAN 

OBSERVED  IN 

PER  CUBIC 

IN  INCHES 

INCHES 

INTERVAL 

INCH 

CATA 

cn  AIR 

o.ocos- 

0  .  C  0  1 0 

332 

3  4  4  0,1  0  1 . 3 

0.001000 

74.2 

0 .0010- 

0.C020 

342 

801,526.2 

0.002000 

91.5 

0 . OC  20- 

0 .0030 

108 

259,581 . 8 

0.003000 

97 . 1 

0.0030- 

0 . 0040 

90 

71,9  39.5 

0.004000 

98.6 

0.0040- 

0.C050 

54 

34334.8 

0.005000 

99.4 

0.0050- 

O.CObO 

3  C 

3,594.9 

0.006000 

99.5 

0 . 0C60- 

0.0070 

3  1 

16,6  24. 5 

0.007000 

99.6 

0  .0070- 

O.CObO 

12 

370.3 

0 .008000 

99.8 

0.0060- 

C.C090 

13 

1,94  8 . 8 

0.009000 

99.9 

0.0090- 

0.01C0 

1 1 

1066.7 

i 

0.010000 

99.9 

0.01C0- 

0.0120 

21 

1 375.6 

i 

0.012000 

99.9 

0.0120- 

0.0140 

10 

1,3  58.5 

0.014000 

100.0 

l 

o 

o 

• 

o 

0.0160 

1  3 

884.6 

0.016000 

100.0 

0.0160- 

0  .OlfaO 

9 

560.3 

0.018000 

100. 0 

0.0180- 

0. 0200 

6 

345.7 

0.020000 

100.0 _ 

0.02C0- 

0.0300 

23 

347.7 

0.030000 

100.0 

0.03C0- 

0.0400 

9 

64.9 

0.040000 

100.0 

0 .04C0- 

0.0500 

6 

4  1.3 

0.050000 

100.0 

0.05C0- 

0.0600 

3 

4.4 

0.060000 

100.0 

0.06C0- 

0.0700 

3 

-3 . 8 

0.070000 

100.0 

C .0700- 

0.0600 

4 

21  .d 

0.060000 

100.0 

o.oecc- 

0.0900 

1 

6.2 

0.090000 

100.0 

■ 


• 

■ 


B32 


pc a  no. coo  c 

PINK  CARDS  SECUNO  TRIAL  BY  GLENN  SMITH  P  C  A  HIGH 


AIR  CONTENT 
IN  CONCRETE 


(  P  t  R  C  E  N  T  ) 
IN  PASTE 


PASTE  CONTENT 
PERCENT 


AGGREGATE  CONTENT 
PERCENT 


4.6m 


16.01 


22. 95 


72.41 


SPECIFIC  SURFACE 
SC  1N/CU  IN 


694 . 2 

TCTAL  LARGEST 

LENGTH  CECRC 

DATA  ON  AIR 

3.0664  846 


SPACING  FACTOR 
I NCHES 

0 . C  06  6 

SMALLEST  NUMBER  OF  NUMBER  OF 

CHORD  CHORDS  GROUPS 

6  671  22. 


DATA  ON  PASTE 
19.1345  554 

CATA  CN  AGGREGATE 


60.3699 


6336 


2  2312  60. 


6  1934  317. 


TCTAL  CISTANCE  TRAVERSED  WAS  83.3701  INCHES 


THE  TOTAL  NUMBER  CF  SPHERES  IS 


1203479. 5 

l  > 


PER  CU.  IN 


PC  A  c  O.OUO  0 


PINK  CARDS 

SECOND 

TRIAL  BY  GLENN 

SMITH  P  C  A  HIC 

CHCRD-LHNGl H 

NUN  0 E  R  (  F 

NUMBER  OH 

DIAMETER 

PERCENT 

INTERVAL 

C  H  C  R  n  s 

SPHERES 

UF  SPHERES 

SMALLER  THAN 

OBSERVED  IN 

PER  CUBIC 

IN  INCHES 

INCHES 

INTERVAL 

INCH 

DATA  CN  AIR 

0.0CC5-  O.CQIO 

32 

-275C37.9 

0.001000 

22.9 

O.OOIO-  0.0020 

182 

462471.2 

0 .002000 

61.3 

0.0020-  0.C030 

152 

2  76.7  84 .2 

0.003000 

84.3 

0.0030-  0.CO4O 

86 

106.23  l  .  6 

0.004000 

93.1 

0.0040-  0 . 0050 

48 

35653. 1 

0.005000 

96. 1 

0.0050-  0.0060 

3  3 

24,682.9 

0.006000 

98 . 1 

0.0060-  0.C070 

18 

6895 . 5 

0. 007000 

98.7 

0.0070-  0.C080 

14 

6171.9 

0.008000 

99.2 

0 . 0080—  0.0090 

9 

3,264. 1 

0.009000 

99.5 

0.0090-  0.0100 

6 

-731.1 

0.010000 

99 . 5 

0.01C0-  0.0120 

16 

1736.4 

0.012000 

99.7 

0.0120-  0.0140 

13 

509.3 

0.014000 

99.7 

0.0140-  0.0160 

1  3 

2187.1 

0.016000 

99.9 

0.0160-  0.0180 

5 

520.4 

0.018000 

99.9 

0.0180-  0.0200 

3 

5  3.1 

0.020000 

100.0 _ 

0 .0200-  0.0300 

18 

3  31.8 

0.030000 

100.0 

0.03C0-  0.0400 

10 

116.4 

0.040000 

100.0 

0.04C0-  0.0500 

6 

60.2 

0.050000 

100.0 

0.05C0-  0.0600 

3 

18.2 

0.060000 

100.0 

0.06C0-  0.C700 

2 

13.3 

0.07C000 

LOO.O 

0.07C0-  0.0800 

1 

1 . 2 

0.080000 

100. 0 

0.08C0-  0.0900 

l 

9.0 

0.090000 

100.0 

' 

SUMMARY  OF  CONCRETE  AND  AIR  VOID  CHARACTERISTICS 
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